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CRYSTALS AND SEMICONDUCTORS

PRODUCTION AND PROPFRTIES OF THIN FILMS

Kiev POLUCHENIYE I SVOYSTVA TONKIKH PLENOK in Russian 1979 signed to press
20 Dec 78

[Annotation and Table of Contents of collection of papers published by IPM
3 (Institute of Problems in Material Science) of the UkSSR Academy of Sciences,
1 editors A, F, Andreyeva, V., Ya. Ayvazov, et al,, 295 copies, 179 pages]

‘ [Text] The present collection of papers is the sixth volume of transactions
: of the all-union seminar on '"Production and Properties of Thin Films" held at
the Institute of Problems in Material Science in 1978,

The collection presents the results of regearch on the methods for obtaining
and the properties of thin films of oxides, nitrides and certain other compounds
which are promising in electronics and optics,

Thig volume is intended for the engineers, technicians and scientists of research
institutes and industrial enterprises and may also be used by graduate students
and undergraduates taking upper~level courses in micro-electronics and computer
engineering. 3
{
4
TABLE OF CONTENTS .

1, Capabilities of the secondary ion-ion emission method for analysis offconcen-
tration profiles in thin films, M, A, Vasil'yev and S, P. Chenakin

2, Prospects for the use of REM oxide films in optics electronics, A, F. Andreyeva,
I, Ya. Gil'man and M, D, Smolin

3. On evaluation of the prospects for the use of dielectrics in microelectronics,
D. I. Chernobrovkin

4, Predicting metalates with specified properties, V. V. Voikova and D, I.
Chernobrovkin

5. Structural studies of the initial stages of titanium film oxidation in vacuum,
Vv, I, Khitrova and 8, A, Semiletov

b
—

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060034-5



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060034-5

a 6.

10,

11,

12,

13,

14,

15.

16,

17,

18,

19,

20,

21,

FOR OFFICIAL USE ONLY

Low-temperature oxidation of titanium in rarefied molecular and atomic oxygen,
I, N, Frantsevich, V. L, Tikush, G, V., Rusakov, L. A, Gayevskaya, V. S.
Dvernyakov and Ye, S, Lugovskaya

Porosity of cupper films deposited under conditions of concurrent ion bom-~
bardment, V, Pets and A. Fleming

On the influence of a constant electric field on the growth of insular
metallic films, V, Pets, M, Friedrich and K. G, Dang -

Production and properties of chromium silicide resistive films, H, Helms,
V. Bretschnelder, G, Beddis and P, Bogdanova

On the question of low impurity levels in oxide films, V, A, Ogorodnik

Some properties of films of praseodymium oxide alloyed with aluminum, V, A,
Ogorodnik

Use of accelerated ion source for obtaining intermetallic thin films, V, G,
Grigor'yan, G. I, Kazanets, V, I, Minakov and V, A, Obukhov

Calculation of cathode dark space length for discharge devices with rod-
type electrodes, O, Ya, Gavrilyuk and Yu, G, Kononenko

Dependence of deposition rate on the geometric dimensions of a rod-tvpe
discharge device, O, Ya, Gavrilyuk and Yu. G. Kononenko

Production of resistive thin films by cathode sputtering in a rod-type dis-
charge device, V., G. Kobka, G, I, Kostrygina, A, A, Smakovenko and O, F.
Taranenko

Production and study of dielectric films based on REM metallate compounds
for microcircuit elements, D, I, Chernobrecvkin, M, N, Piganov and I, A, Korzh

On the structure and properties of films obtained by catalytic oxidation
of titanium, N, P, Peksheva

Mechanical stresses in Aleal_KAa films grown on substrates of GaAs with
various dopants, N, D, Vasilenko, A, M., D'yachenko and B, P, Maserko

Study of gallium microinclusions in epitaxial GaAs films, G. V. Berenshtein,
N. D. Vasilenko, A, M, D'yachenko and 0. K, Gorodnichenko

Some properties of thin films of indium antimonide, O, G, Lyubutsin, I, I,
Kletchenkov and A, F, Plevako

Temperature dependence of the brightness of Gsz-Eu3+ electroluminescent
films, N, A, Vlasenko, Z, L, Denisova and V. S, Khomchenko

Electroluminescent properties of ZnS:MnFg films, T. P, Vishevu
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On the effectiveness and etching characteristics of semi-insulating semi-
conductor crystals in a low-pressure r-f plasma discharge, N, V. Gavrilenko,
A. F, Onipko and E, B, Tal'yanskiy

Study of the parameters of impurity centers in CdSe,Te;_ . films produced in
their own vapors in r-f plasma, N, V, Gavrilenko, A. F. Onipko, I, I. Sava
and M, G, Kolisnik

Phase composition and photoelectric properties of SbyIny_,Se films produced
in their own vapors in r-f plasma, N, V. Gavrilenko, A, F, Onipko, I, I, Sava
and I, V, Zhornovyli

Thermoreslstive ferrite films obtained by electron beam vaporization, Yu. N.
Okunevskiy, 8, A, Pilipko and L. N, Tul'chinskiy

8tudy of reflection spectra of aluminnm condensates in the UV part of the
spectrum, V, M, Nedostup and N, N, Smirnova

Determination of anisotropy constand and magnetization level of thin films,
A. I. Bereznyakov, N, S. Troitskiy and V., N. Gurin

Production of film materials by exposure to concentrated solar radiation
flux, I. N, Frantsevich, V., S. Dvernyakov, I. E, Kasich-Pilipenko, V. L.
Tikush, G. V. Rusakov, L. A, Gayevekaya, L. R, Sharinyan and R, S, Biryukova

Plasma electron gun based on the VUP-2K universal vacuum facility, R, V,
Dashtoyan, V. I, Mel'nik and R, A, Kadzhoyan

Study of the factors determining the chemical stability of films, N. P.
Peksheva

Production of dielectric films on gallium arsenide by the electrochemical
oxidation method, V. V. Novichkov and N, P, Novichkova

Properties of MDS structures with anodic Gais oxide coating, M, K, Samokhvalov,
V. V. Novichkov, A, M, Sverdlova zad N. P. Novichkova

Growth of ancdic films on GaAs in acid, alkali, and neutral electrolytes,
V. V. Ovchinnikov, L, V. Kozhitov, D, U, Kamalova and V, V. Ventsov

Electron diffraction study of intermetallic phases in Pt and Ni films deposited
on silicon, B, G, Donishev, A. Ye, Likhtman, Ye, I, Kotenko, Yu, N, Makogon
and 8, I, Sidorenko

Study of high~resistance thin-film resistors based on new cermets, N. D,
Michsanin, D, I, Chernobrovkin and Ye. V., Kootryukov

X-ray diffraction phase analysis of films obtained by vacuum vaporization
of some multicomponent copper~base alloys, V. I. Popov, V. G. Tinyayev and
A, A, Popova

- ?OPYRIG§T: Institut problem materialovedeniya AN USSR (IFM), 1978
: 6-9576
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LASERS AND MASERS

uDC 621.378.3
AN ELECTRIC-DISCHARGE PULSED CO, RESEARCH LASER

Moscow KVANTOVAYA ELEKTRONIKA in Russia. Vol 7, No 7(97), Jul 80 pp 1456-1460
manuscript received 10 Dec 79

[Article by Z. I. Ashurly, Yu. M. Vas'kovskiy, I. A. Gordeyeva, L. V. Malyshev,
R. Ye. Rovinskiy and A. A. Kholodilov]

[Text] This paper describes a pulsed high~pressure electric-
discharge CO, laser that provides a wide range of beam output
parameters. By sectionalizing the electrode system and power
supply, provisions are made for adjusting the length of the active
part and for producing two or more pulses that follow one another
with a predetermined delay. Stable adjustment of the duration and
shape of the emission pulse is achieved by proper selection of the
mixture composition. An investigation is made of the way that the
weak-signal gain of .the active medium depends on time and on the
total pressure of the mixture for different proportions of the

gas components, Treatment of the results is based on a simplified
model of kinetic processes in the discharge.

In research associated with the practical application of infrared lasers for pro-
duction purposes, high-pressure electric-discharge COy lasers with transverse dis-
charge have given a good account of themselves. Capabilities for conirnlling the
parameters of output radiation of electric-discharge lasers ave apprecilably en-
hanced by sectionalizing the electrode system of the laser and the part of the
power supply circuit that shapes the electric pulses. This article describes a
laboratory electric-discharge laser with a sectionalized electrode system and
demonstrates its research capabilities. '

The electric-discharge section of the laboratory laser facility with length of
about 45 cm consists of an anode in the form of a Duralumin plate with working sur-
face measuring 42 x15 cm, a cathode of the same material measuring 40x 12 cm, and
an auxiliary electrode for which parallel trangverse grooves 2.6 mm wide and ap-
proximately as deep are milled on the working surface of the cathode. The insu-
lated wire of the auxiliary electrode is stretched in these grooves so that half
its diameter extends above the surface of the cathode.

A diagram of the power supply section is shown in Fig. 1. The electric pulse 1is
shaped by commutating devices K; and K; that supply approximately twice the voltage
Uy of storage capacitor Cj to the discharge gap of the laser section. Initially,

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060034-5



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060034-5

FOR OFFICIAL USE ONLY

A R
- ' ‘ r—ecé:‘ﬂ

r? 3
Up=S0n8 Jpp, | TS 3 T A, Fig. 1. Electric supply
kv by ¥ circuit of the laser
*,.____L section
ol ”J - S

this causes development of an auxiliary corona discharge between the wire of
ionizing electrode 3 and cathode plate K, followed by a high-pressure glow dis~-
- charge in the main discharge gap A-K.

Several such electric-discharge sections set up in series inside a common bulb with
the mirrors of an optical cavity on the end faces make up the laboratory laser. A
trigger and synchronization unit ensures simultaneous operation of the controlled
commutators K; and all sections of the electric-discharge laser. :

The sectionalized laser design enables the use of a variety of schemes for trigger-
ing the sections. For example the length of the active part of the laser can be
regulated by energizing only some of the sectioms. Individual sections or indi-
vidual groups of sections can be triggered with controllable delay relative to one
another from 0.5 us to any required value.

The controllable change of the duration and shape of the emission pulse 1s con-
ducive to expansion of the research capabilities of the laboratory laser. (Pulse
duration is taken as the time duxing which 90% of its energy is released). One way
to change pulse shape and duration is to superimpose two sequential pulses produced
by two groups of laser sections; however, reproducibility of the results is poor in
this case since the spread in triggering delay has an effect. Research has shown
that more reliable results are realized by varying the proportion of components of
the gas mixture and altering electric discharge conditions.

TABLE 1
W l;l:::: (2)cCootnouenne xomnonsntos 3(,3‘)1‘ gl:‘)g si)“c
Co, Ne He

| 2 0 8 60 0,66 0,76

2 4 1 3 80 0,38 1,3

3 4 i 16 200 0,25 1,8

4 I 2 3 390 0,2 2,1

5 t 4 5 430 . 0,15 3,6

8 1 8 8 360 0,13 4,5
- 7 1 16 10 160 0,1 7.8

1--Mixture number - 4--Ratio of peak energy to total pulse energy

. 2~~Proportion of components 5--Pulse duration, us

3--E, joules

In studying this technique for regulating emission pulse shape and duration, the
pulse shape was recorded by a germanium photoreceptor with photon charge enhance-
ment, and the total energy in a pulse was measured by a TPI-2-5 graphite calorim-
eter. The time-resolved values of the discharge current and the voltage between
electrodes were simultaneously measured by a Rogowski loop and voltage divider.

TOR OFFTATAY. NISE ONIY
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The gas mixture compositions that were studied and resultant emission pulse dura-
tions are summarized in Table 1. Fig. 2 shows oscillograms of the corresponding
pulses in reduced form. These give a graphic idea of the way that the emission
pulse is deformed with a change in gas mixture composition. When nitrogen content
is small or totally absent, a considerable part of the radiant energy is released
in the initial peak, and the pulse has almost no "tail." The ratio of peak energy
to total pulse energy reaches nearly 70%. As the percentage of nitrogen in the
mixture is increased there is an increase in the proportion of the "tail" part of
the pulse, which 1s accompanied by elongation. With the maximum relative nitrogen
content (mixture 7) the initial spike is weak, containing no more than 10% of the
total energy, and the pulse has the greatest duration. In all cases the total
pressure of the gas mixture was 620 mm Hg.

The emlssion energy, and the efficiency with which the electrical energy invested

in the discharge is converted to radiant enmergy at first increase with increasing

relative content of nitrogen in the mixture, reaching a maximum in mixture 5, and

then fall off. The energy input to the discharge 1is practically independent of the

mixture composition except for the most extreme cases of nitrogen-rich or nitrogen-~
. poor mixtures. In these cases the energy input falls off noticeably.

§ince the duration and shape of the emission pulse showed good reproducibility with
every predetermined mixture composition, these characteristics of the electric-
discharge laser could be confidently adjusted by selecting the necessary proportion
of gas components. In the optimum case (from the standpoint of maximizing output

. energy and efficiency) with a ratio of CO :N :Hewx 1:2:3 the laboratory laser pro-

= duced a stable energy output of more than 30 J/I at a total efficiency of conver-
sion of the energy stored in the capacitors to emission of about 15%. Emission
pulse duration in this case was ~2 ps. The total range of varlation of pulse dura-
tion in these experiments wes from ~0.7 to ~8 us. Pulse duration can also be
varied by changing the initial voltage across the discharge gap; however, this

- method of adjustment 1s not very efficient since for a given pressure of the gas
mixture and stable existence of the glow discharge the technique can be realized
only over a very narrow voltage range, and involves a considerable change in the
energy pattern of the emission.

Studies of the gain of the medium provide additional information on the influence
that the proportion of gas mixture components has on the nature of processes in the
active medium of a sectionalized laboratory electric-discharge laser. To measure
the gain, plane-parallel NaCl plates were installed at the Brewster angle in place
of the mirrors of the optical cavity of the laser. The bulb was i1lluminated along
the optical axis by a thin probing beam, the source of which was a CO, electric-
discharge laser operating in the pulse mode on a' single transverse mode. The pre-
ionization system for the probing lager was the same as for the main bulb. The

- inger operated at a relatively low pressure of the working mixture (of the order of
200 mm Kg or less), which was conducive to a fairly narrow luminescence line. The

FOR OFFICIAL USE ONLY
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laser had a short reaonator and emitted close to the threshold. The energy in the
emission pulse was 0.7 J at a duration of ~2 us on a level of 35% maximum.

The optical cavity of the probing laser was made up of a diffraction grating of
100 lines/mm and a flat germanium mirror. Within the cavity itself were two NaCl
lenses forming a telescopic system with approximately 2x magnification, and an
adjustable iris. Individual vibrational-rotational transitions, in particular the
transition P(20), were isolated by rotating the diffraction grating. The probing
laser was triggered with adjustable delay relative to the triggering of the dis-
charge in the main bulb. Gain was determined from the ratio of amplitudes of the
probing signal and the signal amplified after passage through the cell with an
accuracy of about 15%. Absence of saturation of the amplified signal was verified
by increasing the amplitude of the probing pulse by a considerable factor as com-
pared with the level on which the gain measurements were made. The amplitude of
the enterinz radiation pulse was regulated by using calibrated film absorbers of
infrared radiation.

Fig. 3 shows the resultant curves for gain
as a function of the delay time of the
probing pulse relative to the beginning of
discharge in the bulb at different gas
mixture compositions. All curves were
plotted at the same value of E/p (E is
* field strength, p is gas pressure). For
the different investigated mixture compo-

Fig. 3. Gain as a function of the sitions the position of the maximum of the
delay time of the probing pulse curves and their initial displacement de-
relative to the beginning of dis- pend in a complicated way on the composi-
charge in the bulb for gas mixtures tion of the active medium.
COp:NptHe =1:1:3 (1); 2:1:5 (2);

_ 1:1:2 (3); 1:1:1 (4); 1:2:3 (5) )
and 1:2:1 (6) 30

Fig. 4 shows the gain in different
media as a function of total gas
pressure in the pressure range where
the glow discharge 1s stable. The 4
maximum gain is displaced toward

higher pressures as the helium con-

1 Il 1 1 1
tent in the mixture increases. Data g4 g5 06 47 498 422;
showing how the gain depends on the
quantity E/p for four mixture compo- Fig. 4. Gain as a function of the total
sitions are summarized in Table 2. gas pressure for different gas mixture
TABLE 2 compositions. Notation 1s the same as on
} Fig. 3
{1 Joeran cuecn '(3,)(5..’5‘.... Ko w=t KEY TO TABLE 2:

- co, | M, | He pr. et.)

1-~-Mixture composition

1 | | 224+0,8 | 2,4-3,0 2--E/ v/ (zm'mm Hg)
v L2 || asEto {2.2-33 P g
, 112 | 3 | 16k05 |2.0-25

9 | 1 ] 5 | 14304 |21—27
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APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060034-5



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060034-5

- FOR OFFICIAL USE ONLY

The values for the gain that are given in the table are for the range of initial

voltages across the electrodes of the bulb from 94 to 100 kV. An impediment to a
more detailed investigation of the way that gain depends on E/p is the fact that

the region of stable existence of the glow discharge is limited to a very narrow

change in field strength E or pressure p. The region of stable existence of the

discharge narrows with an increase of nitrogen content in the mixture, and to an

even greater extent with an increase in helium content.

The observed peculiarities in the way that gain depends on time, gas mixture compo-
sition, total pressure p, and the parameter E/p are determined by the nature of
population and deactivation of the laser levels of COp molecules as they interact
with the electrons and molecules of the active medium. It can be shown that the
following simplified model gives a satisfactory qualitative description of kinetic
- processes. The levels of symmetric, asymmetric and deformational vibrational modes
- of the CO, molecules are populated, and the N, molecules are vibrationally excited
under the effect of time-variable discharge current in the volumetrically homo-
geneous active medium. The distribution of vibrational energy by levels is not
considered. Working levels 10°0 and 02°0 are unified into a single "lower" level.
- The energy of excitation is invested directly in the upper laser level 0001 of CO,,
(v=1) of Np, and the lower laser level. This assumption is justified by the rapid
process of exchange between 001 of C0, and (v=1) of Ny, the strong interaction of
the symmetric and deformation modes, and also rapid intermodal exchange and the low
level of vibrational temperatures.

rwt g The results of calculation of the gain for
"aob J50 two mixtures of gases done by numerical
- methods based on the simplified kinetic
= 30r 350 model are shown in Fig. 5. The time be-
- I havior of the calculated values of gain,
20 the presence of a maximum and its position
i J20 as well as the absolute value of the gain
r agree satisfactorily with experiment,
300 which favors the chosen model, at least
0 for sections of increase and attainment of
maximum gain. However, the experimental
Fig. 5. Theoretical dependences of plot falls off much more rapidly than the
gain (1L, 3) and gas temperature Tp theoretical curves. This probably due to
(2,4) as a function of the elapsed the fact that the actual rise in vibra-
time after onset of the probing tional temperature is more rapid than the
pulse for mixtures of COy:N tHe = calculation implies.
1:2:3 (1,2) and 1:2:1 (3,4);
O-~experimental values of gain for The authors thank A. A. Bakeyev for useful
the first, and &--for the second discussion of the materials of the paper,
.mixture and also V. G. Kulikov, G. A. Bogatova and
N. N. Vorob'yeva for assistance with the
experiments.
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UDC 621.378.33
LIMITING CHARACTERISTICS OF ‘A PHOTOCHEMICAL XeO LASER

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 7(97), Jul 80 pp 1482-1491
manuscript received 20 Dec 79

[Article by V. S. Zuyev, L. D. Mikheyev and I. V. Pogorel'skiy, Physics Institute
imeni P. N. Lebedev, USSR Academy of Sciences, Moscow]

[Text] An experimental and theoretical study ic done on the

- nature of internal losses in the active medium of a photochemical
i XeO laser with pumping by an open high-current electric discharge.
It is shown that the specific efficiency of the XeO laser can be
increased by reducing internal losses. Pumping is analyzed and
the anticipated lasing energy is determined for an Xe0 laser with
a flat resonator. The optimum composition of the mixture is found
as well as the transmission of mirrors that should yield a lasing
energy of ~40 J in a pulse with duration of ~10 us, which corre-
sponds to a total. laser efficiemcy of ~0.1%. Possibilities are
mentioned for further improving the efficiency of tke given laser
' to 0.2% when isotopically pure xenon is used.

2] %fldl-lﬁfm) 1, Introduction
nm
- 0.0 ) Ref. 1 gives the results of a study of the
i 2 specific characteristics of a cooled photo-
/\z, chemical Xe0 laser with the kinetic scheme
. shown in Fig. 1. The laser was pumped by
Nplx) of'sy) | | xe the vacuum ultraviolet radiation of a
high-current pulsed electric discharge fed
. \f by a capacitor bank with stored energy of
r 57 kJ. Laser operation was studied in an
Xeg(2'x"} arrangement in which the volume of active
! medium taking part in lasing was restricted
- e /N% (540 nm) by the small diameter of the laser chamber
: 4 j nm (5 cm). The maximum lasing energy in a
Xeo[1'c*) pulse with half-amplitude duration of 8 us
equal to 2.2 J was attained by using a
planar-spherical cavity and a working mix-
% ture of N-0:Xe:He=1:75:170 at a total con-
Fig. 1. Kinetic scheme of photo- centration of 3 amagat units and tempera-
chemical XeO laser [Ref. 1] ture of 160 K.
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The experimentally measured weak-signal gain reached Kyg = 3.5:10"3 em~!. In the
absence of a lasing field, the concentrations of molecules of Xe0 (2'rt) and ox¥§en
atoms (150) corresponding to such a value of Ky are equal to 2010 and 1.5°10
cm~? respectively. The time for quenching of oxygen atoms (1Sp) by nitrous oxide
N,0 and photolysis products is known, and under the conditions of the experiment is
1p% 200-400 ns. Thus at the instant when maximum lasing power is reached, the rate
of formation of atoms of 0 (!Sp) averaged over the cross section of the active
medium (the pumping rate) is ¢=[0 (}Sg)]/tr = (6+2):102! em™3.s71. Comparing this
quantity with the specific peak lasing power Wyp = 300 kW/Z =0.75-1021 photons per
cmdes, we find that the efficiency of converting the pumping per unit volume of
active medium to stimulated emission is n =15t 5%.

[f we consider that the coefficlent of internal losses in the active medium under
the conditions of the experiment is Yn=10'3 cem~!, and the distribution of losses
in transmission of the mirrors is vyo= 3.5-10"% cm~! [Ref. 1], it can be readily
shown that the experimental value of n is due chiefly to internal losses. Thus a
further reduction- in yy 8hould improve the efficiency of the XeO laser.

In this paper we examine the nature of internal losses in the active medium of an
%e0 laser and the feasibility of reducing them. An examination is also made of the
- possibility of a further considerable increase in the lasing energy of the XeO
laser by increasing the volume of the active medium while using the same pumping
source as was used in previous experiments. It is shown on the basis of calcula-
tions that an energy of 40 J can be attained in the laser pulse, which corresponds
to a total laser efficiency of ~0.1%. Mention 1is also made nf the possibility for
further increasing the efficiency of the given laser to 0.2% by using isotopically
pure xenon in the working mixture.

2. Internal Losses in the Active Medium

Statie yradient of the index of refraction. Tt was noted above that the efficiency
with which pumping in a unit volume of active medium of a photochemical Xe0O laser
1s converted to lasing 1s limited by losses within the resonator. The greatest
level of losses is associated mainly with the optical inhomogeneity of the working
medium that arises as it 1s cooled in the laser chamber. This inhomogeneity shows
up In particular when the chamber is exposed to the probing beam of a helium-neon
laser. Deflection of such a beam was used to measure the gradient of the index of
refraction (grad n) 1in the medium.

An investigation was made of the change in grad n heightwise of the chamber in gas
mixtures of various compositions. Fig. 2 shows graphs of the change in grad n in
Xe and Ar with displacement from the center of the chamber upward (7> 0) and down-
ward (1<0). Grad n is directed downward at all points, which corresponds to an
increase in the density of the medium in this direction.

Grad n averaged over the cross section of the laser chamber was on a level of
10-5 cm~! for the optimum mixture indicated above. The value of yy for a flat
resonator can be estimated by the formula [Ref. 2]

Vo= V'gradan/(QDL.), €D

where L, and Ly are the lengths of the resonator and the active medium respectively,
D is the transverse dimension of the active zone. Under the conditlons of our

10
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experiments, typical values of the param-
grad n, 10 %en”" eters appearing in (1) were: Lp=1m,
La=0.8 my D=2 cm; in this case,
Y =2+10"9 cm™!. The value of yp should
be somewhat lower for a planar-spherical
cavity, which has been experimentally con-
firmed [Ref. 1].

The distribution of grad n observed in
Fig. 2 was integrated with respect to the
height of the chamber, and it was found
that the gas concentration varies with

Fig. 2. Change in static grad n respect to height by 7%, which corresponds
heightwise of the laser chamber: to a temperature difference of 10 K be-
1--Ar, 1.7 amagat units; 2--Ar, tween the top and bottom of the chamber.
3.8 smagat units; 3--Xe, 1.7 amagat Sources of such temperature inhomogeneity
units; 4~-equivalent grad n for a are: a) the unsteady nature of chamber
concave spherical mirror with radius cooling, which is done by a short burst of
of curvature of 5 mj 5--sum of curves liquid nitrogen into the cryostat; b) the
2 and 4 presence of dielectric and metal parts in

the laser chamber, differing considerably
in thermal conductivity; c) influx of heat through electric leads. (The design of
the laser and the cooling technique are described in detail in Ref. 3).

To eliminate temperatﬁre inhomogeneities, plans for future experiments call for a
- change to steady-state cooling, use of a metal laser chamber and a considerable re-
duction of heat influx through electrical leads.

The problem of the chamber material must be considered in more detail. The use of
a dielectric chamber in previous experiments was dictated by the 1nadequate elec-
trical strength of the inert gases making up the working mixture under conditions
where the initial voltage drop across the discharge gap reaches 45 kV. To convert
to a metal chamber, a gas must be added to the working mixture chat has high elec-
trical strength, and simultaneously possesses the following propertiles: it is not
frozen out when cooled to 160 K, it does not absorb radiation in the pumping band
of Np0 (145-131 nm) and 1t does not quench atoms of 0('sy). These requirements are
satisfied by nitrogen for which the rate constant of quenching of 0(180) is ex-
tremely small (510717 em3/8) [Ref. 4].

Experiments were done to check out the operability of the Xe0 laser with nitrogen.
When 1 amagat unit of nitrogen was added to the working mixture, the breakdown dis-
tance for 50 kV was less than 10 cm. There was almost no reduction in the effi-
ciency with which pumping was converted to induced emission inside the resonator.
These experiments show the feasibility of using a metal laser chamber with diameter
of ~20 cm.

Dynamic gradient of the index of refraction. 1f static temperature inhomogeneities
are eliminated, losses in the active medium will be determined to a great extent by
the dynamic gradient of the index of refraction that arises in photolysis of N0

due to nonuniform heating and change in the refraction R of the active medium. Let
us consider the losses due to these two effects.

11
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Refraction is related to the refractive index of the medium by the expression
[Ref. 5]

nx~141,5 RN/A,

where N is gas concentration, A is Avagadro's number. Let us use Ny to designate
the initial concentration of Ny0, and 6(r,t) to demote the percentage of N0 mole-
cules dissociated during photolysis. Then the change in the index of refraction
during photolysis 1s

An'(r, H=15 ARS (r, 1) NJA,
where we have AR=-2.,6 em3 for dissociation of N,O into N; aad O [Ref. 6, 7], hence
gradn (r, 1)=—0,65-10-*N gradd(r, ). (2)

As noted above, the second cause of the change in n is nonuniform keating of the

- gas as pumping radiation 1s absorbed. The resultant pressure differential between
- regions with different temperatures should shift material from the high-temperature
reglon near the source toward the periphery.

In calculating the displacement of material due to the action of this effect, which
we will call the gasdynamic effect, we can disregard the influence of thermal dif-

- fusion. To determine the gasdynamic density gradient of the working medium and the
agsoclated gradient of the index of refraction at an arbitrary point of the active
medium and at an arbitrary instant of time, we use the following system of equations
that includes equations of continuity, motion and the first law of thermodynamics
written with consideration of smallness of the final change in density Ap, rate of
displacement of material u and the inequality

ufr& 0ufor |,

that reduces the equation of continuity to a form corresponding to the plane case

[Ref. 8]:
a4 du
Al

du 1 dAp
K A TR *

AP = Bp,AT,

where B is the specific gas constant that depends on the molecular weight of the
gas. Heating AT is related to the degree of dissoclation of the working substance
during photolysis by the expression

AT (r, =8 (r, 1) N,Wlcy,
where cy 1s the specific heat of 1 cn3 of gas, Wp= 2.5+10719 cal [Ref. 1] is the
thermal energy released upon absorption of a single pumping quantum,

*
)The validity of this inequality can be proved by integrating the last two
equations of system (3) using data on N30 dissociation (see below).

- 12
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Solving system (3), we can readily find an expression for grad n:

gradn (7, £) = "“’*’”g:"‘ h H(""af’; ")at'at. )
, g

Substituting the numerical values of parameters for the optical mixture mentioned
abova, and also for the same mixture with the addition of 1 amagat unit of N, in
expression (4), we get the same results:

gradn(r, ) = 3-10-3 N, j'j(ﬁ%;-n-) dide. (5)
tt

To calculate the dynamic grad n from (2) and (5) we can use the results of calcu-
lation of photodissociation of N,0 done in section 3 of this paper. Calculations
show that the gradients of the refractive index that arise due to the given effects
are oppositely directed and partially compensate one another (Fig. 3). The coef-
ficlent of internal losses y3(r,t) associated with the dynamic grad n can be calcu-
lated by (1). Results are sgown in Fig. 4.

f%-%o", omt
15

73107 cm™!
2t

- 7 0\ Wt Hs

- Fig. 3. Radial distribution of the
dynamic grad n for the specified dis- {¥
tances r from the axis of the source;

. Ng=2:1017 (~=-), 4-10!7 (——-), and
108 ¢m~3 (—): the upper groups of

- curves describe grad n due to change Fig. 4. Distribution of internal losses
of refraction with photodissociation due to dynamic grad n. Notation is the
of N0, and the lower groups charac- same as in Fig. 3

terize the gasdynamic effect in a

mixture of N0 with Xe (1 amagat

unit) and He (2 amagat units)

Other sources of losses in the active medium that are independent of the initial

concentration of N,0O are: a) diffuse scattering on the mirrors, taken as 0.5% on
- each surface; diffraction in the active layer; c) imprecise alignment of the mir-

rors in the cavity, taken as 5". The overall losses from these causes are esti-

mated on a level of YgT==2~10““ em~ 1,

Overall static and dynamic losses in our calculations will be taken as

?n’—‘?,°,'+?,‘}(r, f).
13
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3. Calculations of Pumping

To determine the expected energy of stimulated emission of a photochemical XeO
laser with a flat resonator it ‘{8 nmcessary to know the size of the region where
threshold conditions are satisfieéd, and the distribution of super-threshold pumping
in this region. Calculations are given below for the space-time distribution of
pumping ¢(r,t) in the active medium based on the experimental time dependeuce of
luminous flux I, on the surface of the source in the band of 131-145 nm [Ref. 9]
(Fig. 5).

ul@fialo.us Fig, 5. Time dependence of

i : photon flux emitted in the

pumping band of N,0 from a unit

- of surface used in high-current
I electric discharge experiments

The pumping calculations were done on the agsumption of a uniform directional
pattern of emission on the surface of the source with consideration of such factors
as the cylindrical geometry of the source, its taper, the spectral dependence of
the absorption cross section of Ny0 and quantum yield of 0(!Sy), and the dissocia-
tion of N0 by photolysis. The method of calculation was suggested by V. Ya.
Karpov.

The rate of formation of atoms of O(ISO) at an arbitrary instant of time t at an
arbitrary distance r from the axis of the discharge is

O (r, ) =N (r, 1) juvovP, (r, Hdv, ©

Vi

where ¢ is the speed of light, N(r,t) is the concentration of N0, o, is the spec-
tral cross section of absorption of Ny0, x, is the spectral quantum yleld of O(ISU)

and. Py (r, 1) = }fv(n'ndsz is the spectral density of photons.
n

The spectral demsity of photons in a unit solid angle on the surface of the source
f,(R,t) is related to Iy(t) by the expression

I(®)=fs (R, 1) nchv, @)

where Av is the spectral interval of 131-145 nm. We can readily find the relation
between £,(r,t) and £,(R,t) with consideration of the absorption of photons in the
active medium. As a result we get
. L/2  Arccos R/r
()N (r, 1) rcos ¢ — R
(D(f. t)z—_!_;t_A-V——— S dIR hs d(p—-—-—l AB_l’ X
0
Vg B (8)
X j dvxyo, exp{-—u,, ~s‘.N(s, 1) ds‘.
vy A

The quantity N(s,t) was calculated by an analogous formula with k= 1.

14
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Numerical calculations were done by computer for a wide range of Ng= 5.1016-1018 r-
em™3, As an example, Fieg. 6, 7 give the results of calculation of &(r,t) and the :
degree of dissociation &§(r,t) = [Ny -N(r,t)]/Ng for Ng=4+1017 cu~3, This was the
concentration of N0 in the optimum mixture mentioned above.

It was shown in section 2 how the results of calculaticns of 8§(r,t) are used in -
calculating the dynamic grad n in the active medium. On the basis of estimates
fyund for ypy and the results of calculation of pumping ®(r,t) the anticipated
energy of stimulated emission of the Xe0 laser with plane-parallel resonator is
calculated in section 4.

@10 omo! (em™3 g71) domn. ed. (rel. units)
!r . ot :
(I
1+ g5}
45
/_f/’—'_!_/_t—
0 10 7 2, pAC P
us
Fig. 6. Results of calculation of Fig. 7. Results of calculation of the
pumping at different distances from degree of dissociation of N0 at different .

the discharge axis at Np =4+1017 cm™3 times from the be%inning of a discharge
at Np= 441017 cm”

4. Calculations of the Energy of Stimulated Emission of the XeO Laser with Plane-
Parallel Resonator

Let us estimate the size of the region taking part in lasing and the lasing energy
when a plane-parallel cavity is used in a laser chamber of fairly large diameter
not limited by the size of the lasing region.

To determine the lasing zone with the use of results of calculation of &(r,t) it is
necessary to assign the threshold pumping level ¢, This quantity can be defined
by the formula

O" - Yo 1+ ¥n (_’__

0“,1_0&,: T

1
+—-,;7z;m,—). (9

g
T

derived in Ref. 1 from analysis of the kinetics of the XeO laser. Here 0=4.510"16
cm? [Ref. 1] 1is the cross section of amg_lification on the laser tramsition; oy'=Q
is the fraction of molecules of Xe0(21t%) located on the lower vibrational level;
a4t 1s the probability that a molecule Xe0(212+)vl=0 will be found on a rotational
level of maximum population; Kp ig the constant of equilibrium of processes of dis~-
sociation of Xe0(212+) and reverse recombination (at T=160 K, Oyt=0=0.7, ayr =
0.06, K,=5+10"21 cm3 [Ref. 1]); Ty and tpare the respective quenching times of
atoms 0{!Sy) and molecules Xe0(212$).

Let us consider the part played by different inversion quenching processes in de-
termination of the threshold pumping level.
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The conatants of quenching of molecules of Xe0(21tt) by nitrous oxide and products
of photolysis are unkmnown, In Ref. 10 measurements were made of the way that the
luminescence quenching time of molecules of Xe0(2!t+) depends on pressure of the
components of a mixture of No0 and Xe. It was concluded on the basis of these data
that the state Xe0(21:%) is quenched by N,0 molecules with rate constant (2.3+0.4)
«10~11 cm3/s, and by atoms of Xe with rate constant ‘0.4 *0.1y:107%% em3/s. The
resultant values are close to the known quenching constants of atoms 0(!sq) [Ref.
11, 12]. 1In stating this result it should be noted that under the conditions of
experiments of Ref. 10 (T=300 K, pge €1 atm) less than 2% of the atoms of o(1sy)
are in the bound state. In this case,.in order for the quenching of xe0(2'1%)
molecules to be noticeable against a background of quenching of atoms of o(1sg),
the quenching constants of molecules of Xe0(212+) must be at least two orders of
magnitude greater than the corresponding quenching constants of atoms of O(ISO) .
Apparently this circumstance was not taken into consideration by the authors of
Ref. 10, and the observed quenching in our opinion should be attributed to oxygen
atoms rather than to XeO molecules.

There are almost no data on quenching of Xe0(21:%) molecules by inert gases either.
It is true that Ref. 13 mentioned three-body quenching of Xe0(2!z*) in xenon with a
rate constant of (4 *2)+10733 cm®/s. However, these data were not subsequently con-
firmed by Ref. 14. The latter paper glves only an upper estimate of the rate con-

stant of quenching of Xe0(2!zh) by xemon: 10711 cm3/s.

In contrast to molecules of Xe0 (212+), quenching of atoms of O(ISO) has been rather
thoroughly studied. The constants of quenching by nitrous oxide, products of pho~-
tolysis and inert gases can be found in Ref. 11, 12, 15, In the optimum mixture
with consideration of partial dissolution of N,O by the instant of attainment of
the pumping maximum, the quenching time of atoms of O(ISO) should be ~300 ns.

It should be noted that quenching of 0(180) by electrons that may be formed during
photo-ionization of these atoms by pumping radiation apparently plays no appre-
ciable role®). Actually, since the working mixture contains an electronegative gas
with sticking constant of thermal electrons knp=10“1° em3/s [Ref. 191, in a medium
under the action of a flux of ionizing radiation Iy estimated on a level of
102321024 photons/ (cm?+s) a quasi-steady concentration of electrons

" Ny 0,1, [0 (*Sg) 1/ (kgp IN,01)

should be maintained, where gy is the cross section of photoionization of atoms of
0(1sy) taken as equal to an average 3:10719 cm? [Ref. 20]. For a threshold concen-
tration of [0(!Sp) }=5:101 cn™3 and [Ny0]=4-1017 cm™3, we get No = 4+1011-4.1012
em~3. The rate constant of superelastic quenching of atoms of 0(18p) by electrons
{8 5¢10~9 cm3/s [Ref. 21]. Thus the typical time of quenching of atoms of 0(1sg)
by electrons is 0.05-0.5 ms, which is 2-3 orders of magnitude greater than the time
of quenching by the initial substance and products of photolysis.

The resultant conclusions are confirmed by experiments [Ref. 1]. In processing the
results for the optimum working mixture of the XeO laser an estimate was found for

*

)Photoelectrons play a considerable role in quenching of atoms of S(184) and
Se(lso) with intense vacuum-UV photol¥sis of COS and COSe [Ref. 16, 17]. Electron
production with photoionization of 0(18y) was observed in Ref. 18.
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.

= l(r;)'i+(r,K-,[Xe 1=} 1-1 %12—25 ns,

which agrees satisfactorily with the above-mentiocned time of quenching of atoms of
0(180) by nitrous oxide and products of photolysis with consideration of heating of
the mixture during photolysis.

Taking 1/71'~ Ny, at a fixed concentration of [Xe] =1 amagat unit we get

1/ =(1—2)-10-°N,, s71. (10)
Using the estimates of yy found in section 2, we can estimate #(r,t) from (9) for
any initial concentration of N0, and by using the results of calculations of ¢(r,t)

we can determine the specific lasing power Wyp as a function of time and distance
from the axis of the pumping source:

Yo O(, H—0r, 1
War (0 ) = e o g1 1)

where 1, 18 the time of relaxation of the lower laser levels.  Like (9), expression
(11) is obtained from solution of kinetic equations [Ref. 1].

In our estimates of Wyy from (11) and (9) we will use the maximum estimate of 1/t'
from (10) and disregard the term t,/t' since the results of experiments of Ref. 1
have shown that when the working mixture -is sufficiently diluted with helium with a
concentration of several amagat units, Tp can be reduced to a few ns.

By integrating Wyg with respect to time and space, we get the expected lasing
energy En. This operation was done graphically for different values of Ny and y..
. The results are summarized in the table. According to calculations the maximum
- lasing energy of 40 J should be observed at Ny =4+1017 cm™3 and Ye =5.107% cm7!,
In this connection, the lasing pulse duration measured at half-amplitude is ~12 us,
and the diameter of the laser beam is ~10 cm. Let us note that the optimum with
reapect to Ng and v, corresponds approximately to the figures previously found ex-
perimentally in studies with a planar-spherical resonator.

Anticipated emission energy of a photochemical XeO laser
pumped by a high-current discharge with energy input of 50 kJ

Ty e i

Ny Yo No, Ve,
107 ew? [ 107¢ ow? r‘pszo . MOn 1087 eu™? | 107¢ e} &&}u. me)ron

. Hut Xe Xe uufl Xe Xe

2 2,5 30 40 4 10 30 85

2 5 35 66 4 20 20 65

2 10 25 60 10 5 15 70

4 2,5 30 50 10 10. 15 90

4 5 40 75 10 20 12 85

KEY: 1l--Lasing energy in joules
2-~Natural xenon
3--~Isotopic xenon
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We noted previously [Ref. 1] that the gain of the active medium of the XeO laser
can be considerably increased by using isotopically pure xeunon. The fact is that
natural xenon has a complicated isotopic composition, the content of the most abun-
dant isotope !32Xe being only 27%. The result is a complex lasing spectrum [Ref. 3]
that is an aggregate of 1sotopically split components of the P-branch of the band
v'=0+v"=4, Fig. 8 shows the position of the maxima of the lasing lines resolved
on photographic film by a comparator. The
distribution of intensitles of the lines

0mOnNae '
(1)$ eraerze  (2) is given conventionally by visual obser-
Kawm -
nonocy G5 vation. As we can see, the lines of the
]

| P-branch are split into several series
! that are displaced relative to one another
! by the amount of the isotopic shift. The

218550 i 77600 o' observed approximate equidistance of lines
=y . in each series with succession interval of
———\". SemBy 1
-7 menocsr O 9.0+0.2 cm™! corresponds to periodicity
of lines of the P-branch of band v'=0-v"=4
Fig 8. 1Identification of lines of in the vicinity of the maximum of the qua-
laser emission sicontinuum of the R-branch of band

v'=0-+v"=5 [Ref. 22] where lasing occurs.
KEY: 1--Isotopic splitting

2--Edge of band 0,5 Analysis of the emission spectrum of the
3--Series of the P-branch of Xe0 molecule with consideration of the
band 0,4 superposition of P- and R-branches of

adjacent vibrational bands shows that the
elimination of isotopic splitting by using isotopically pure xenon can increase the
cross section of amplification on the laser transition by a factor of 2-4.

Following the procedure described above, we estimated the expected energy of stimu-
lated emission of the XeO laser with the use of isotopically pure xenon, assuming
that the amplification cross section is doubled by removing isotopic splitting.

The results of the calculations are summarized in the table. As we can see, the
lasing energy 1s approximately doubled by the reduction of the threshold pumping
level. Of course, isotopically pure xenon is fairly expensive, and its use is
feasible only 1if provisions are made for chemical purification and recirculation of
the xenon In the laser.

5, Conclusion

The quantum efficiency of conversion of pumping in a unit volume to radiation of a
photochemical XeO laser 1s measured in Ref., 1, and it is shown that it 1s 15% 5% as
determined by internal losses in the active medium. In this paper an experimental
and theoretical investigation 1s made of the nature of the internal losses in the
XeO laser, and they are calculated.

It is anticipated that internal losses will be appreciably reduced by improving the
method of cooling the working mixture and by changing from a dielectric to a metal
chamber. The latter is feasible when about 1 amagat unit of nitrogen is added to
the working mixture. Preliminary experiments have been dome that confirm the fea-
sibility of effective operation of an XeO laser with nitrogen.

Numerical calculations were done on pumping, and the values of threshold pumping
were found for different initial N70 concentrations. Based on these data, the
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' anticipated output energy of an Xe0 laser with a flat resonator is determined in
the case where the size of the laser chamber does mnot restrict the lasing region.
In a mixture with initial concentration [N,0] 2441017 em™3 and optimum composition
of the buffer gases when the adjusted transmission of the mirrors ia'n:=5-10—“ em™!
the expected lasing energy 1s 40 J, which corresponds to an overall electric ef-

- ficiency of the lager of ~0.1%. The lasing energy and efficiency of the XeO laser
can be approximately doubled when isotopically pure xenon is used.

The working model of the photochemical XeO laser uses cryostatic cooling of the
i active medium. However, another cooling method that may assuredly be of interest
is the cooling that occurs when the working mixture escapes from a supersonic
nozzle. In this case the uniform cooling of the working mixture is combined with
rapid exchange, which makes pulse-periodic operation feasible for the Xe0Q laser.

In conclusion the authors than B. Ya. Karpov and A. T. Matachun for assistance with
the computer calculations.
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UDC 621.378.33
DEVELOPMENT OF OPTICAL INHOMOGENEITIES IN FLASHTUBE PHOTOLYSIS LASERS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 7(97), Jul 80 pp 1516-1522
manuscript received 7 Jan 80

[Article by B. V. Alekhin, V. V. Borovkov, A. Ya, Brodskiy, B. V. Lazhintsev,
V. A. Nor-Arevyan and L. V. Sukhanov] .

{Text] An experimental and theoretical study is dome on the
dynamics of development of optical inhomogeneities of the active
medium of a photolysis laser with high-power flashtube pumping
under conditions of accumulation of inverse population, rapid
depopulation and free lasing. The chemical component of the

index of refraction is registered for the first time in photolysis
of C3F71. An anomalous increase is observed in the index of re-
fraction of the gas in the free lasing mode, and an interpretation
is offered.

This paper is a continuation of Ref. 1, and is devoted to a study of regular opti-
cal inhomogeneities in photolysis lasers with excitation by the light of high-power
xenon flashtubes. A change in the index of refraction of the active medium is de-
termined by three factors [Ref. 2-4]: change in polarizability of molecules as a
result of photochemical processes, gasdynamic shifting of the medium due to non-
uniform heating in the pumping process, and also shock waves that arise at the walls
of the cell and propagate with transonic velocity. 1In this paper a theoretical and
experimental study is done on gasdynamic inhomogeneities for an excitation time of
~10 us. Particular attention is given to optical inhomogeneities in the mode of
inverse population storage, and to determination of the chemical component of the
index of refraction Anghem in photolysis of perfluoroalkyl iodides since there have
been no reliable data up to now on the magnitude and sign of the change in pola-
rizability of molegules. To describe gasdynamic optical inhomogeneities during the
above-mentioned photolysis laser operating time, when changes in density are small
(Ap<<py), gas velocities are much less than sonic (v<<vggpn), we can disregard heat
conduction, viscosity, and the influence of Ap on the change in pressure p, con-
sldering the gas incompressible, and by analogy with Ref. 5 we can utilize linear-
ized hydrodynamic equations in the cylindrical symmetry approximation:

a1
at Py Or 1 (1)
N No 0

5+ o rv=0
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where v is radial velocity, 6N is change of concentration, r is the instantaneous
radius.

Considering that heating takes place isochorically, we can readily get an expres-
sion for the pressure in the gas from the Mendeleyev-Clapeyron equation:

P (f, t) =(Y—l) Q (r, t)+p0| (2)
where py 1s the pressure of the undisturbed gas, v is the adiabatic exponent, and

Q(r,t) is the heat introduced per unit volume at a given point by a given time.
Without consideration of transillumination of the medium, we can write

Qr,)=f (r) g (t), (3
where f(r) is a dimensionless function that characterizes thz distribution of pump-
ing over the cross section of the cell, q(t) is the heat release close to the wall
of the cell due to photodecomposition and secondary chemical reactions.

The solution of system (1)-(3) is

4 t'

5N=,-”_~(go:l’_(_:_;_[+j_r”r)hfdt'ﬂfth". (4)

Then the change in the index of refraction An=(my-1) SN/N takes the form

¢ I

pu—| - 1 d, d* ’ 1
Ap Be= D@ )(_-‘_‘f_+?f7)£d:§qd¢. (3)

Po r

It was shown in Ref. 6 that this conclusion is valid for t<<R0/vson, where Rg is
the size of the reglon of perturbation (the inside radius of the cell).

Experimental studies of optical inhomogeneities were done in a photolysis laser
with pumping by four xenon flashtubes placed around a quartz cell 4 cm in diameter
and 62 cm long. The inner surface of the cell was frosted and a cylindrical dif-
fuse illuminator was used. For a stored electrical enmergy of 16 kJ, the power
supply provided a pumping light pulse in the UV region with duration of 10 us on a
level of 1/e. At a C3F;I pressure of 16 mm Hg, which is optimum with respect to
power output and uniformitg of pumping, the stored laser energy averaged over the
cross section was 20 mJ/cm?, and for 21 mm Hg of CF3I -- 16 nJ/cm®. The buffer
gases were Xe, Ar, He and SFg. Optical inhomogeneities were measured by a Michel-
son interferometer on a wavelength of A =633 nm in modes of inverse population
storage, depopulation by a magnetic field, and free lasing. The interference
pattern was recorded by a high-speed camera operating in the mode of continuous
scanning with time resolution of 0.75 us. Part of the flashtube emission was fixed
on the film of this camera, providing a time "eje-in" of the excitation pulse. The
slit of the camera was oriented along the diameter of the cell between the pumping
flashtubes; control experiments were also done with rotation of the slit through
45° or displacement by 1 cm from the center. Photometric measurements of the inter-
ference patterns were made on a microdensitometer with subsequent computer process-
ing, enabling registration of band displacement by 1/40 of the natural width of the
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band in regions with small perturbations of the medium (the error of measurement
: of An was +1.3+107%) and no worse than 1/20 in regions of large perturbations
. (bn>5:1077).

Fig. 1 shows typical interference patterns
of optical inhomogeneities, and oscillo-
grams of the pumping pulse in the UV re-
gion and of the lasing pulse. In choosing
the pressure of the working gas, we were
guided by the results of calculation of
pumping distribution over the cross section
of the cell [Ref. 7], where it was shown
that when ogNpRg =1, where o is the cross
section of absorption at the band maximum
(this corresponds to the chosen optimum
pressures), the radial distribution of
pumping is satisfactorily described by the

formula

Fig. 1. Interference patterns of - f(r)=0,3 (r/Ro)*4-0,7. (6)
optical inhomogeneities in the mode
of storage for 16 mm Hg of C3F;I (a) . As implied by (5), in this case the index
and a mixture of C3F7I:Xe =16:300 of refraction of the active medium should
mm Hg (b), and also an oscillogram increase, and should not depend on t.
of pumping pulses (top) and lasing Fig. 2 shows the profile of An over the
pulses (bottom) (c); time marks cross section of the cell at different
ghow 5 ps/div times, and An(t) in the central part of

: an, 1077 az dnm107

\ = t=20mNe
i 6+
: s [-‘—qotf’\
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7
(s ¥ 7 g >dm
'm"‘”ﬁiqa

8
&
4
2

50 e 0 10 15 taxe

Flg. 2. Distribution of An over the cross section of the cell in the storage mode
for a mixture of C3FyI:Xe=16:300 (a) and curves for An(t) for different mixtures:
6--CqFy1:Xe = 16:300 (1, 1'), C3F;I:Ar(lie) =16:300 (2); 8--CF431:SFg=21:50 (1, 1'),
CFyl:Xe =21:300 (2, 2"); 2--C3F71=16 (1, 3), C3F71:8Fg=16:50 (2, 3); 0--C3F71:SFg
=16:50 (1), CF]IZSF6=16:50 (2); e——C_;F7I:Xe=4:3OO (l), C3F7I=4 (2); partial
pressures are given in millimeters of mercury; MKC=US
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the cell for the investigated mixtures and modes of operatiom of the photolysis
laser. The curves for An(t) in Fig. 20 were obtained in the ‘node of rapid depopu~
lation, in Fig. 22(3) and Fig. 2¢(2) -- in the free lasing mode, and the others —-
for storage of inverse population. At a pressure of C3F7I=4 mm Hg the average
stored energy is 10 mJ/cm®. The theoretical curves are denoted by the numbers with
a prime. It is clear from Fig. 2a that there 1s a central regilon of the cell where
the gradient of the index of refraction is near zero, which is confirmed by conclu-
slons from (5) and (6). However, the size of this region is somewhat smaller than
that not covered by the shock wave, which is probably due to a lack of complete
axial symmetry of pumping. The proposed model implies that the influence of buffer
gases on optical inhomogeneities can be evaluated by calculating the parameter

F=(n—1){—1)/po, (7

gince the other terms in (5) are determined only by the design particulars of the
specific laser. The results of calculation of F for binary mixtures (at optimum
pressures of the working gases and a pressure of 300 mm Hg for the buffer gases)
are summarized in Table 1.

TABLE 1
F, 1072 cnmd/g
wo;ﬁng MIEBOUT | Xe | Ac | He | 5Tg
CFyI 1.6 |6.1(s.0(8.8]1.1
CiFsI | 0.65 |4.8(6.2(6.5]1.0

Eglem’e (cm3/g) anpo”’ Consideration was taken in the calculations of
- the influence of the temperature of the medium on
|0 the specific heat of polyatomic gases. Fig. 3

shows the way that F depends on the pressure of
the buffer gas for mixtures of 16 mm Hg of C3F;I
with SFg (1) and Xe (2); the points show the

45 values of An measured in the storage mode at

t = 20 ys. It can be seen that for mixtures with
Xe the values of An are to each other as their
parameters F with an error of no more than 10%,

PSR TR |/ and in the case of SFg the experiment gives a
g w0 400 By 4 pin, value of An that is overstated by a factor of
(mm Hg) ~1.4 at SFg pressures of 100 aund 300 mm Hg.
Fig. 3. Dependences of F (solid
lines) and An (points) on the From an analysis of the behavior of An(t) we can
pressure of the buffer gas in conclude that gasdynamics begins to have an ap-
mixtures with C3FyI preciable effect on optical inhomogeneities

within approximately 10 us after the onset of
pumping, leading only to an increase of n in the central regicn of the cell.
However, in experiments with C3F7I in the storage mode at all orientations of the
high-speed camera slit it was observed that the index of refraction of the medium
decreases over the entire cross section of the cell simultaneously with the onset
of excitation, and reaches a minimum value at t =4-5 us, which should be interpreted
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as evidence of a chemical component of the index of refraction Anchen. However,
even a qualitative comparison of the experimental results with calculation shows
that the behavior of An(t) cannot be attributed in all experiments to merely two
processes: change of polarizability of molecules in photolysis of C3F7I and the
presence of the gasdynamic component Angq. Actually, in this case the lower the
Ongq, the more strongly should the Anghep Show up in the experiment. However, the
most negative value of An=5.10"8 is observed for mixtures with noble gases for
which the gasdynamics (parameter F) 1s 5-6 times as great as in other mixtures.
When the cell was filled with buffer gases alone, we did not observe any changes of
n during operation of the pumping flashtubes. A relatively rapid increase of n
in the free lasing mode 1s notewcrthy (see Fig. 22, curve 3). In mixtures with

, noble gases it was not possible to determine the regular displacement of inter-
ference bands at the given pumping levels in the lasing mode due to the arisal of
localized inhomogeneities {Ref. 1], while in experiments with a quencher (a mixture
of C3F71:Xe:0 =16:300:5 mm Hg) the value of An by the 20th microsecond reached
1.1+107%, which 1s 40% greater than in the case of storage. To elucidate the
nature of heat release in the medium and evaluate the change of polarizability
of molecules for a given pumping duration, it is sufficient to consider fast photo-
chemical processes [Ref. 1]:

RJ+hv, — J*+R+Q,, (8)
J* 4 by, — T+ 2hv,, 9
R+ J = RI+Q, (10)
R+R = R, +Qs, (11)

Where the R are CFj3 or C3F; radicals, and the subscripts H and T stand for 'pump-
ing" and "lasing" respectively.

only processes (8) and (11) need be accounted for in the storage mode. Machine
calculation was done for the kinetics of the reactions of the photolysis laser in
the modes of storage and free lasing with consideration of the actual pumping pulse.
The excitatlon pulse shape was approximated by the function

Jl t) 0'0279t|.2561.25 (l-—f/S), 0<t<3,
o)~z oo, a<ram, (12)
j Ju (¥) dt

]
where time t is in microseconds.

The rate constants [Ref. 8] and heats of reactions [Ref, 9, 10] used in the calcu-
lations are summarized in Table 2,

TABLE 2

w°’:;:“3 K,-10'2, em3/8{K,+1012, cm3/s{Q;, eV|Qz, eV|Q3, eV
CF41 16 5.5 1.24 | 2.5 | 4.15
C3FylL 8 3 1.5 | 2.3 | 4.1
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Flg. 4. Results of numerical calculation of the kinetilcs of reactions (8)-(11)
for C3F,1 (a) and CF3I (b): concentrations R, in lasing (1) and in the storage
mde (2), R+J in lasing (3) and J* in the storage mode (4); heat release in the
storage mode (5) and in lasing (6)

Fig. 4 shows the results of calculation of the kinetics for optimum pressures of
CF7I (a) and CF3I (b). On the basis of these results, we were able to calculate

and with consideration of (5) we were able to calculate the dependence
ingd(t) (denoted by the numbers with primes on Fig. 2).

Let us note that the heat releases in the storage and lasing modes differ by no
mre than 20%. For rougher estimates of gasdynamic perturbations, we can use an
expression derived from (5) in explicit form:

. L (ng—)(y—1) (¥ | | df
: bngg =5 PR (G 4] see 13)

- lere we have used q(t) = St, where Sw5:1010 ergs/(cm3+s) is the rate of specific
heat releade for the given level of excitation.

A comparison of the experimental and theoretical curves in Fig. 2 shows that in
mixtures with noble gases An(t) is satisfactorily described by the gasdynamic and
chemical componments of the index of refraction. The behavior of An(t) with buffer
gas SFy is apparently more complicated since it has been noted that the addition of
SFg leads to an increase in n even in the very first instants. Development of op-
tical inhomogeneities in the free lasing mode is also difficult to explain by an
increase in gasdgnamic perturbations; for instance in order for Ang4 to reach a
value of 1,3+10"7 by the 10th microsecond (see Fig. 22, curve 3), %he gradient of
heat release must increase by a factor of 10 as compared with the storage mode.
Fur thermore, while An(t) ~ t3 in storage, the dependence An(t) is closer to linear
in free lasing.

Probably the anomalous increase in the index of refraction in lasing 1s due to the

{ncrease in polarizability of molecules in the reaction of reverse recombination
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(10). Actually as a result of this reaction the binding energy (~2.5 eV) is con-
verted to heat, starting with excitation of individual vibrational levels, after
which with a certain relaxation time the energy is redistributed with respect to
other degrees of freedom. The problem of the change in polarizability of some
gases with induced Raman scattering of light was theoretically and experimentally
- studied in Ref. 5, il, 12; however, the authors have not come across any data on
the change of polarizability of molecules in vibrational excitations of perfluoro-
alkyl iodides in the literature. The suggested hypothesis also gives a qualitative
explanation of the anomalous influence of SFg on optical inhomogeneities, caused by
a possible resonant excitation of vibrations of the molecules. This hypothesis
does not contradict results for mixtures with noble gases which should be more
- effective in converting the vibrational energy of the mixture to translational
energy as thelr partial pressure increases.

It should be noted that heat (~4 eV) is also released in the reaction of dipolymer-
ization of C3F; (11); however, in the storage mode, where it plays an appreciable
part, without a buffer gas and with small additions of SFg (~50 mm Hg) the increase
in polarizability is weaker than in reaction (10). Besides, when inversion is
suddenly flipped by a magnetic field in 0.5 us, we observe a jump of Anw -1078,
which is apparently due to a change of polarizability of iodine atoms with tran-
sition from the excited to the ground state. Fig. 2 shows An(t) with discharge of
inversion in 5 and 10 us (curve 1) and for 10 us (curve 2). Thus to evaluate the
change 1n poarizability of C3F7I molecules as a result of phctodecomposition, use
was made of relations On(t) in mixtures with noble gases and for C3F7I a value of
bag w ~210"25 cn3 was obtained. Similar estimates for CF3l are difficult because
the part played by the change in polarizability of CF3 radicals has not been
finally explained in optical inhomogeneities with photolysis and reaction (11),
although it 1s clear that vibrational excitation of CF3 should be stronger than for
C3F7. Apparently this question needs further study both in photolysis lasers and in
other types of gas lasers. For example in chemical lasers at excitation times of
the order of a few microseconds the gasdynamic perturbations are small and the
changes of polarizability of molecules due both to chemical reactions and to the
excitation of vibrations may play the major role in optical inhomogeneities.

It should be noted in conclusion that the high uniformity of the active medium with
short-pulse flashtube exitation in the given laser with unstable resonator produced
- divergence with intensity distribution close to the diffraction limit without any
loss of energy as compared with a flat cavity., Transverse coherence reached 90%,
and 60% of the lasing energy was in the central spot (71075 radian) of the dif-
fraction pattern. The active medium was C3F,I (16 mm Hg), and specific power

output was 10 mJ/cm3.
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A NEODYMIUM PULSE LASER THAT PRODUCES A HIGH-FREQUENCY SERIES OF NANOSECOND PULSES
WITH ENERGY OF ~100 J

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 7(97), Jul 80 pp 1575-1577
manuscript received 15 Dec 79

[Article by B. N. Borisov, S. V. Datsykov, Yu. I. Kruzhilin and V. K. Orolov]

[Text] The limiting energy output per unit of area is estimated
for a solid-state pulsed laser operating in the mode of shaping

a serles of giant pulses. A description is given of the design
and test results of a pulsed neodymium laser that emits a series
of nanosecond pulses with recurrence rate up to 20 kHz and output
energy of ~100 J, Information 1s given on preliminary experiments
on conversion of a powerful pulse burst to the second harmonic.

The suluiion of many probléms In quantum electronics requires a source of laser
radlation that shapes a high-frequency train of short powerful pulses both in the
infrared and on visible wavelengths. Such series are produced by solid-state lasers
with periodic Q-switching during the pumping pulse [Ref. 1-4]. Since such lasers
have high pulse power, their radiation can be converted with relatively high ef-
ficlency to emission in the visible and infrared wave bands by methods of nonlinear
optics.

It is shown in Ref. 3 that at switching frequenciles FrecZ-Fq (1 is lifetime on the
metastable level) the energy characteristics of a Q-switched laser approach the
free lasing mode. The limiting energy output from a unit area of the active ele-
ment is determined by the radiation strength of the optical elements of the laser,
| which depends on the duration and shape of the lasing pulse. If laser power is
high enough so that the laser can produce a series of equidistant pulses in which
the energy density of each pulse is close to the radiation strength en(tg) (19 1s
the duration of a monopulse), then the limiting energy density ep(T) and the number
of pulses N in a series of duration T can be approximately estimated from the ratio
of radiation strengths of the optical elements for pulses of duration 1g and T
[Ref. 5]:

e (TVey (o) = (Tl N=eq (T)/en (%) (@]
The pulse recurrence rate in such a series is determined from 1):

F=(Tw)™%, (2)
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When a monopulse of duration 71y with energy density close to en(1g) and the given

pulase train are converted to the second harmonic in the approximation of low drift

of the angle of synchronism of the crystal under the action of pulse heating by

radiation and under condition of identical spatial characteristics, the conversion

efficiencies will be the same. Consequently the ratio of energy densities in the

pulse train and in the monopulse on the second harmonic will also be determined by
= formula (1).

For characteristic values of T*1 ms and 1Ty ™50 ns this ratio is ~100. Thus under
certain conditions a laser that produces a pulse train can attein a much greater
energy output from a unit area not only on the fundamental frequency, but also on
the frequency of the converted radiation.

To carry out experiments, a neodymium glass laser was produced as diagrammed in
Fig. 1. It consists of a master laser with Q-switched cavity and an amplifier.

N M5 Ly
Irt—te 1 ¢
Ll T
@
Ky
4 @ 7"
o7 9 41—”‘“—22
3

Fig. 1. Diagram of laser that generates a train of glant pulses: l--active element
of the master laser $10 x 300 mm; 2--electro-optical shutter; 3--Fresnel rhomb; 4--
active element of the amplifier; 5--KDP crystal; 6-~FEK-09 photocell; 7--58-9A
oscilloscope; 3, 3;--mirrors, Rw100%; J,-J3-~diaphragms; JI;, Jl;--lenses; H)-H3--
calorimeters; Hi--wedge; //--plane-parallel plate; ¢=-- SZ5-22 filter

A monoblock electro-optical shutter of DKDP crystal was used as the O-switch. To
reduce the controlling voltage on the shutter, an optical system was used that
enabled modulation of the reflectivity of the output mirror, so that the amplitude
of the controlling pulses could be reduced by a factor of about three as compared
with quarter-wave shutters based on the longitudinal electro-optical effect. The
way that the output energy of the master laser depends on recurrence rate is shown
in Fig. 2.

J
5’!’”(%’ ) Fig. 2. Output energy of the

master laser as a function of
a5 pulse recurrence rate

a4
g2
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The amplifier was a single-pass stage with phosphate glass active element measuring
20 mm in dismeter and 680 mm long, based on a GOS-1001 laser. The pumping pulse
duration of the amplifier was ~1.5 ms, and maximum pumping energy was 40 kJ.

ftn(By, 3) fuadbt (Eoues J )

&

" y 200t

40| 150

0 F, kHz

20 " n L “

2 0 10 15 Fary % , . \
7 7 2 3 EgnAx (Eqns J)

Fig. 3. Energy in the. pulse Fig. 4. Output energy of the amplifier as a
train at the amplifier output as function of the energy of the amplified free
a function of pulse recurrence lasing pulse from the master laser

rate: amplifier pumping energy .
30 kJ (1) and 38 kJ (2)

The way that the energy in the pulse train at the output depends on recurrence rate
is shown in Fig. 3. The maximum energy at a recurrence rate of 18 kHz was ~100 J.
The envelope of the pulse train basically reproduced the pumping pulse shape. The
energy from the amplifier head in the lasing mode was measured to determine the
relative energy output from the active element of the amplifier. At pumping of
~40 kJ, the lasing energy was ~700 J. The way that output energy depends on input
energy with amplification of a free lasing pulse from the master laser was also
determinad (Fig. 4). A comparison of the curves shown in Fig. 2-4 shows that the
output energy with amplification of a free lasing pulse is 20% greater than with
amplification of a nanosecond pulse train for the same input signal- amplitudes.
The lower value of the energy output in amplification of a pulse train can be at~

tributed to the fact that for recurrence rates up to 20 kHz the losses due to e

luminescence and finite lifetime of the lower working level are greater than in
amplification of microsecond spikes of free lasing with higher duty factor. The
maximum energy density at £~ 18 kHz reached ~50 J/cm?2,

Detailed experiments were done with the described laser on doubling the frequency
of emission by a KDF crystal. The energy efficiency in doubling of a pulse train
with £ =5 kHz was ~20%, and at f =10 kHz was 12%. The maximum energy of the second
harmonic was ~5 J, and showed little variation at recurrence rates in the range
from 5 to 10 kHz. This can be attributed to the compensation of increasing energy
as Frac rises by a reduction in the effectiveness of doubling due to a fall in the
peak power density. Let us note that the reduction in peak power density with
increasing Fpec may be compensated by compression of the emicsion beam in the plane
with meximum width of the angle of synchronism of the crystal. In this case there
may be an increase in the energy of the second harmonic with increasing Fpq..

Our experiments showed that in generation of a train of nanosecond pulses with high
peak power density, due to the greater energy radiation resistance of the optical
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elements to the action of a train of monopulses, there may be an increase in the
energy output from a unit of area of the active element on both the fundamental and
the doubled emission frequency. In the concluding experiments an energy output of
~20 J/cm? was obtained on the second harmonic.
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UDC 621.378.33
LASERS UTILIZING 002 ISOTOPES

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 8, 1980 pp 1803-1807
i manuscript received 11 Peb 80

[Article by Yu.V. Pechenin and M.S. Domanov]

[Text] A study is made of the lasing spectra and energy characteristics
of lasers utilizing the isotopes C}2036, c130}6, c1203% and cl20!60!8,

It 48 demonstrated that the level of the output power of a laser operating
on CO, imotopes is determined by the content of this isotope in the carbon
dioxife gas. With equal enrichment for all the isotopes studied, except
c12016018, output power levels are comparable. The unsaturated gain in
the most intense transitions of symmetric molecules is identical and it is
twofold lower in asymmetric. The gain increases linearly with an increase
in enrichment. The maximum power output, determined by the product of the
B saturation power density and the gain, practically does not depend on the
! enrichment. .

Although the employment of oxygen 08 and carbon C!3 isotopes in lasers
utilizing carbon dioxide gas makes it possible to extend considerably the
range of lasing wavelengths {1-3], the energy characteristics of these
lasers have still practically not been studied. The purpose of this study
is to compare the energy characteristics of continuous CO, lasers with
various isotope: compositions of the carbon dioxide gas and to determine the
relationship between the key parameters of the active medium and this
composition.

: 1. Experimental Apparatus

A diagram of the experimental apparatus is given in fig 1. A laser with

i a convolute cavity design and internal reflectors had a discharge section
- length of 3.2 m. Four water-cooled gas discharge tubes, 1, 20 mm in dia-
: meter, were excited by source 2 by means of a direct-current discharge
through ballast resistors Rb and high-~voltage contactors 3, making it
possible to switch the discharge on independently in all tubes. The laser's
cavity consisted of an opaque spherical reflector, 4, with a radius of
curvature of 7 m, rotating flat reflectors, 5, and a diffraction grating,

33
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6, with a spacing of 10 M and a blaze angle of 19910' (first-order ref-

- lectivity of 58 percent), serving the purpose of simultaneously selecting
wavelengths and as an outlet for radiation from the cavity, The mechanism
for positioning the diffraction grating made it possible, by varying its
slant, to tune the cavity's operating wavelength from 9 to 12 « . Single-
mode lasing was made possible by a diaphragm 16 mm in diameter installed

- at the cavity's spherical reflector, The lasing power was measured by
means of an IMO-2 meter, 7, the laser was tuned to the central frequency
of the working transition with respect to maximum power by means of a
pyrometer, 8, and the emission wavelength was monitored by means of an
IKS-21 spectrometer, 9, Employed in all measurements were a constant
gas mixture composition of CO Ny iHe = 1:1,5:7.5 at a pressure of 13 mm Hg
and a constant discharge current of 20 mA, close to the optimal values
with enri_hments greater than 50 percent, The isotopic composition of
the carbon dioxide gas used was monitored by means of mass spectrometer
analyeis and was varied by diluting the isotoYe-enriched C0y with carbon
dioxide gas with a natural isotope content (C 2055 > 98 percent),

Figure 1. Diagram of Experimental Apparatus
[Key on following page]
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Key:
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In analyzing the measurement results it was taken into account that in
working with isotope 018, because of intenae CO, dissociation reactions in
the gas discharge, CO2 + CO + 0, a random reﬁagribution of isotogic atoms
takes place over threé kinds of molecules, C12036, ¢120}8, and Cl2016018;
it was furthermore assumed that the chemical reaction rates are identical
for all isotopic molecules. In this case, in enriching oxygen with isotope
0!% to a value of m the carbon dioxide gas in the laser's active medium
should consist of .

n?/100 % 12038, (100 - m)%/100 % c120}6 and 2m(100 - m)/100 %
cl2glégle,

The instrument cperated under sealed conditions. Measurements were made
after the cessation of the buildup processes which take place after the
discharge is switched on and are caused by dissociation of the gas mixture.

2. Lasing Spectra

The laser's emission spectra are shown in fig 2, The values of. the emission's
output power are plotted along the Y axis and wavelengths along the X axis.
25 (a), with carbon
dioxide gas enriched with isotope C!3 to 59 percent (b), and with carbon
dioxide gas enriched with isotepe 018 to 80 () and 60 percent (d). In the
latter case the composition of the carbon dioxide gas was as follows:
36 percent C120}e, 16 percent C!2036 and 48 percent C12016018, For the
purpose of increasing the output power and the number of lasing lines,
the pressure and discharge current for this composition were optimized in-
dividually and equaled 10 mm Hg and 10 mA. The lasing wavelengths in spec-
tra (a), (b) and (c) correspond to the wavelengths of the working transi-
tions of lasers operating with isotopes €12036, cl3036 and c!2038 [1, 2].
In spectrum (d), in its shortwave section, are observed lasing lines of
the three molecules C12036, ¢120}8 and 12016018, and 1n 1ts longwave sec-
tion, just of C120}8,

Attention is drawn by the distinctlg pronounced segregation of lasing in-
tensity at line P(6) of the 0001-100 c120}6 transition in the longwave
section of spectrum (d), caused by the practically complete agreement of
the gain contour of this line with the gain contour of line P(13) of the
001-100 12016018 transition. According to [2] the distance between the
centraly.. frequencies of these transitions equals 3.6 MHz, which is con-
siderab.y less than the width of the gain contour of a CO, laser, equal to
100 MHz. The relatively weak lasing intensity in 0120160_28 transitions,
comparable with the lasing intensity in C120}% transitions, while the
€!120)6 content in the mixture equaled a total of 16 percent and the
Cl2916018 48 percent, is explained by enrichment of the spectrum of
C12016018 on account of the removal of degeneration in an assymetric
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molecule [4]1, resulting in doubling of the number of lasing lines and,
accordingly, in a reduction in gait_x in each of them.
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Figure 2. Lasing Spectra of Laser Studied, Using Various Isotopes
of CO
2
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3. Influence of Enrichment of the Working Isotope on the Laser's Output
Power

" In studying the characteristics of a laser operating with iscotopes of
carbon dioxide gas, a measurement was made of the dependence of the power
in the most intense lasing lines, P(20), of the 00%1-10%0 transition of
various isotopic molecules, on enrichment of the carbon dioxide gas with

; the woerking 1sotope. The measurement results are given in fig 3. Curves
- 1 and 2 shew the change in lasing power in C120i€ and C!3036 transitions,
: respectively, in the binary mixture C12036-C13p4€, and cuvrves 3 to 5 in
transittens of c12018 1206 and C12016018 in the equilibkium ternary
mixture 12836 -.c12038-12076018, formed under the influence of the dis-
charge on the mixture C}20}8-cl20}8,

T T I T A

Figure 3. Dependence of Lamser's Output Power on Entvichment of
Working Isotope

Key:
1. vakh s W
Transitions of asymmetric molecule cl2p16gi8 yield considerably
lower values of power than in working with transitions of symmetric mole-
cules. This is associated not only with a reduction in gain caused by
, doubling of the number of laaing lines on account of the removal of degene-
- ration, but also with the principal limitation of enrichment of the carbon
‘ dioxide gas by these molecules in the discharge .(the enrichment cannot be
greater than 50 percent). The lasing power for all symmetric molecules of
the carbon dioxide gas (12036, Clzoga‘and c13038), as follows from fig 3,
dependa practically identically on the enrichment. The substitution of
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one isotope with another with equal enrichment makes it possible to change
the lasing wavelength of the 002 laser while preserving the radiated power.

4. Influence of Enrichment of the Working Isotope on Saturating Power
Density, Is , and Unsaturated Gain, a,

For the purpose of determining I and o. we utilized the relationship
between the laser's output power &nd the parameters of the cavity and active
medium, PRor example, in [5] this relationship is given by the equation

et wl
P 1+P[61+1n(pp.)“"' 1]'

where P 1is the laser's output power, T is the transmission coefficient
of the outlet reflector, o 1is the effective cross section of the emission
beam, I_ 41s the saturating power demsity, o ig the reflection coeffi-
cient ofSthe outlet reflector, o, 1s the unsaturated gain, 2 is the
length of the active medium, & gs the distributed loss index and Py is
the reflection coefficient of the opaque reflector.

Having determined experimentally the values of the output power for various
lengths of the active medium and knowing the parameters of the cavity, it
is possible by using this equation to caleulate the values of I_ and

a. . It should be mentioned that in the cavity of a laser the cross sec-
tgon of the radiation beam is not constant in relation tou the length,
which hinders the employment of this equation. In connection with this,
in processing the experimental results we used the more precise method of
calculating the dependence of the lasing power on parameters of the active
medium and cavity described in [6].

An experimental determination was made of the values of the output power

of a laser for three lengths of the active medium, & = 1.6, 2.4 and 3.2 m .
From these values of P a determination was made of I_ and o, . The
dependences of o, and of the product o Is , characte%izing thg maximum
power output from a unit of volume of the medium for line P(20) of the
0001-10%0 transition of isotopes C}2036, 12038 and c1303% and line P(20)
of the 001-020 transition of cl20%6p18 aye shown in fig 4. The designations
of the points are the same as those in fig 3. 1In the top graph are also
given points at which the gain with a change in enrichment is compared

with losses in the cavity; they have been outlined by the solid line.

For isotopes 0120}6, 012058 and 013056 the gain is practically identical
and increases linearly with enrichment. This result agrees with the re-
sult of [7] in which it was obtained from calculation. For an asymetric
molecule the gain is approximately twofold less than the gain in transi-
tions of aymmetric molecules and reaches the maximum in the vicinity of

enrichment equal to 50 percent, the maximum for the molecule in question.
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olgs a8 follows from fig 4b, practically does not depend on
the enrichment,

This result testifies to the fact that the exchange

of energy between molecules of all isotopes takes place sufficiently
effectively; therefore, all the power expended on excitation of the

working levels of all isotopes may luminesce through a single line of one
isotope if we can achieve a considerable excess of the density of emission
being amplified over and above the saturation demsity I, for the given lipe,

5. Conéluaions

An investigation of the characteristics of a laser employing various iso-

topes of CO, demonstrated the following.

The maximum output power in

transitions“of asymmetric molecule 12016918 ynder optimal conditions is
four- to fivefold lower than in transitions of other isotopes, which is
associated with doubling of the number of lasing lines in the spectrum of
this molecule. on account of the removal of degeneration and with the 1imi-
tation in relation to enrichment caused by the dissociatioun of cl2ol6pi8

- in the discharge and by the formation of C!20}® and C!20}% molecules.

and c!

The values of the outgu;spdwer in individual lines of transitions of
¢/

cl2036, c120}8

are practically identical with equal enrichment;

therefore, the substitution of one isotope with another with the same
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enrichment does not change the energy charactetistics of the laser; only
the region of wavelengths generated 1s changed.

The unsaturated gain increases linearly with an increase in enrichment;
for an asymmetric molecule it is twofold lower than for a symmetric with
equal enrichment. The maximum power output from a unit of volume of the
medium does not depend on the enrichment and equals the power output with
100-percent enrichment.
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STUDY OF A LARGE~VOLUME FLASHLAMP~INITIATED HZ—FZ CHEMICAL LASER
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 8, 1980 pp 1821-1823
manuseript received 3 Mar 80 .

[Acrticle by A.S. Bashkin, N.P. Vagin, O.R. Nazyrov, A.N. Orayevskiy,
V.S. Pazyuk, 0.Ye., Porodinkov and N.N. Yuryshev, USSR Academy of Sciences
Physics Institute imeni P.N. Lebedev, Moscow]

[Text] A study is made of the potentialities of an H,-F lager initiated
by means of IFP-20000 flashlamps and having an active vo%ume of approxi-
mately 7.3 liters with a diameter of aprroximately 14 cm. For the purpose
of understanding the physical features of the laser's operation was util-
ized the technique of measuring the initial concentration of fluorine
[F], atoms from the absorption of UV radiation by metastable FO, radicals.
From the value of [F]. found in the experiment a determination Was made of
the laser's efficiency, n, , in relation to the energy put into the working
mixture. The experimentai value arrived at of n_ = 5500 percent is much
higher than all values of n,. presented in the published data for an
H,-F, laser with any method of initiation. The technical efficiency of the
lasef equaled 30 percent for an H :F2:02:He = 3:20:2:75 mixture at atmo-
spheric pressure. Here the speci%ic enérgy output reached approximately

- 26 J/1iter and the total radiation energy of the laser was approximately
200 J. On the basis of the experiments conducted, methods are indicated !
for further improving the parameters of an HZ—F2 laser.

At the present time a number of studies are known which are devoted to an
investigation of the energy characteristics of chemical lasers based on

a hydrogen-fluorine chain reaction initiated by means of pualsed photolysis
[1-5]. Interest in the study of these lasers is associated with the fact
that they have a long laser chain length of v _ >>1 , and the sources

of photoinitiation are rather simple and fullyegeveloped technologically.
It is precisely the long laser chain length which determines the potential
advantages of H,~F, lasers over both photodissoclation and HF lasers based
on non-chain reictfons. It is possible to understand this fact if one
considers the principsl kind of equations for the values of the specific
energy output, € s and technical efficiency, n in an HZ—FZ laser with

’
initiation by means of pulsed photolysis: t
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€4 =Yx:2§efhc//\1, 51;
t " NENKps 2
Qf - 28 ethea/A1s @

where )\, is the wavelength of the laser's radiatiom (approximately 3 u),

A is %he wavelength of the radiation resulting in photodissociation

g the F2 molecule, N 1s the initial concentration of atomic £luorine,
Vg ig“the number of laser emission quanta necessary for a single fluorine
atom Formed in initiation, n, d1s the physical efficiency of the laser,
defined as the ratio of the laser's energy to the energy put into the work-
ing mixture and expended on initiation of the chemical reaction, n, is the
efficiency of the initiation source, and K is the capture coefficient
for the radiation of the initiation source Pn the Fz photodissociation band
of the laser's working medium.

Actually the existence in these expressions of factor ev . > 1 results
in the fact that rather high values of g, and n, can be arrived at with
low expenditures for initiation of the hyglrogen-fluorine chain reaction.
The investigation of an H,~F, laser with almost instantaneous initiation

(t P 40 ns) by meang of fn &lectron beam has demonstrated that in such a
laker the value of €v ~ 300 with a degree of initiation of [F],/F, ~

n 0.1 percent for mixtﬁ;es at atmospheric pressure [6]. Then from (3} it
follows that with initiation by means of flash photolysis the physical
efficiency of an H,~F, laser can reach a value of approximately 6000 per-
cent, which is so ﬁigﬁ that it promises the obtainment of exceedingly high
values of n_ with the accomplishment of an effective capture of the radi-
ation of the'photo source (K_ " 1) and with the utilization of flashlamps '
with an efficiency equal to Beveral percent.

However, the results arrived at in experiments with photoinitiated HZ-—F
lagers differ from one another strongly (e, = 10 J/1iter [1] and 80 J/Eiter
[4] and n_ = 1 percent [1] and 30 percent [5]). The majority of these
data refer to a specific experimental apparatus and it is difficult on
their basis to predict the characteristics of a laser of a somewhat differ-
ent design or to judge the potentialities of an HZ-—I"Z laser vwith pulsed
photoinitiation.

Actyally it is not clear what the possibilities are for the effective
capture of the radiation of the photoinitiation source by the laser's work-
ing medium and where the potentials 1ie in the job of achieving the maximum
possible energy parameters for the laser. Therefore, of obvious interest
is a study on determination of such parameters of an H,-F, laser as the
initial concentration of active centers (of atomic fluGrine) created by
the photo source, the effectiveness of the capture of radiation of the
photo source by the working medfum, and the efficiency of standard initi-
ation sources operating under conditions corresponding to the conditions
in an HZ-FZ laser.
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Figure 1. Basic Diagram of Experimental Apparatus

Key:
1. FSG-22A » 2, TPI-2A

A baeic dlagram of the apparatus is shown in fig 1. The laser cell was in
the form of a stainless steel cylinder 900 mm long with an inside diameter
of 150 mm. The ends of the cell were closed with windows made of CaF,.
The active volume equaled 7.3 liters when using windows 140 mm in diafieter.
Initiation of the chemical reaction was accomplished by means of the light
of IFP-20000 flashlamps placed inside the laser cell. The number of lamps
could be varied from one to four. For the purpose of increasing the effect-
iveness of the utilization of the:radiation of the flashlamps, the inside
surface of the laser cell was covered with Teflon and the capacitance and
inductance of the electric circuit were selected so that the duration of
the radiation of the flashlamps at half-intensity (approximately 2.5 ¥s)
would not exceed the duration of lasing. TFor this purpose in the electric
circuit were used low-inductance KMK~50-1 capacitors and measures were
taken to reduce the inductance of the input. The laser's cavity was formed
by "opaque" spherical reflector r, with a radius of curvature of 20 or
40 m and a flat dielectric reflect%r, T, with a reflection coefficient
of 35 percent. The shape of the lasing pulse was recorded by means of an
FSG-22A photodetector employing an 88-2 double oscillograph. At the same
time was also monitored the shape of the UV radiation pulse in the wave-~
length region of 250 to 350 nm. In fig 2 are presented typical oscillo-
graphs of the photoinitiation and lasing pulses. The laser's emission
energy was measured by means of a TPI-2A calorimeter.

For the purpose of determining the initial concentration of active centers
of [F], averaged for the active volume was employed the technique suggested

in | 7] and based on measuring the concentration of metastable FO, radicals
formed as the result of the reaction F + O2 + M~ FO2 + M, from %he
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absorption of UV radiation. In fig 3 are given dependences of [F]0 on the
pressure of molecular fluorine in the presence of a Teflon reflector and
without 1t. TFrom this it is possible to draw the conclusion that with
transverse dimensions of the laser cell similar to those used in this
study the effective capture of the radiation of the photo source by the
laser's working medium takes place at rather high fluoriue pressures (pF >
> 200 mm Hg). For the purpose of utilizing this fact a study was con- 2

- ducted at atmospheric pressure of a mixture with the composition H,:F :02:
:He = 3:20:2:75, Tn this mixture was achieved a technical efficiency of

: n, ~ 30 percent with a specific energy output of e, v 26 J/liter (the
total energy of the laser emission was 194 J). The measured initial con-
centration of atomic fluorine equaled approximately 1.35 X 1015 cm”3

N~

Pigure 2. Oscillogram of ‘Photoinitiation (1) and Emission (2)
Pulses of an HZ-FZ Laser

[Flyt0Pem™

4

2
!
/
/’/
[

100 ‘ 200 Py MM pmenm

_ Figure 3. Dependence of Initial Concentration of [F], on Pressure
of Molecular Fluorine in the Presence of a Teflon Re-
Flector (1) and Without It (2): U = 30 kV; four lamps

Key:
1. mm Hg
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Utilizing equations (1) and (3) it is possible to obtain an expression con-
vendent for computing Ng from experimental data:

Apq €14
Ne = Z‘X{d-ﬁét%]o'

From this the computations give a value of n. v 5500 percent ., Estimates
of the effectiveness of the conversion of the electric energy stored in the
capacitor battery into energy expended for the dissociation of molecular
fluorine, n,K = n /nf ~ 0,55 percent , demonstrate that the principal
potential i% Pre ij of improving the technical efficiency of this laser
consists precisely in seeking ways of increasing this conversion effective-
ness. Measurements of n, specially made in this astudy, of an IFP-20000
lamp operating in the mod@ descitbed above, gave a value of ny X 1.5 per-
cent . Prom this we get Kp = 0,37 .

Thus, the analysis of the results obtained indicates that in this case the
value of n_ was limited by the low values of n, and K_ . Therefore,
further impfovement of the technical effieiency 6} the lasBr requires opti-
mization of the performance of the flashlamp-reflector system.
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OPTICAL RESONATORS AND THE PROBLEM OF LASER BEAM DIVERGENCE

Moscow OPTICHESKIYE REZONATORY I PROBLEMA RASKHODIMOSTI LAZERNOGO
IZLUCHENIYA in Russian 1979 signed to press 29 Oct 79 pp 2-18

.- Annotation, table of contents, foreword, and Introduction from a book
Yy Yu. A, Anan'yev, Moscow, 'Nauka" Glavnaya redaktsiya fiziko-matematiche-
skoy literatury, 1979, 4000 copies, 314 pages ]

EText] The book presents the principles of the optical resonator theory,
and factors that determine the divergence of the laser beam are
congidered. The basic attention is concentrated on the problem of
obtaining a narrow beam; data is cited on various methods for reducing
the angular divergence. Considered in greatest detail are the properties
of lasers with so-called unstable resonators, and methods for their
calculation and optimization are presented, as well as special features
of circuits used in various laser devices. The book also contains some
information data on the causes of the origination and nature of optical
nonuniformities in an active medium, as well as on methods that make it
possible to reduce these nonuniformities.

One hundred twelve figures, three tables. Bibliography contains 343
titles.
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Foreword

Papers by Nobel prize winners N. G. Basov, A. M. Prokhorov and Ch.
Townes (United States) laid a path to creating coherent light beam
oscillators-lasers. Operating lasers appeared in 1960, Among their
amazing characteristics that attracted general attention, the beam
divergence should be mentioned first -- since, in principle, the degree
of directivity of a coherent light beam is limited only by diffraction
at the output aperture of the laser and, as appearad to many, there
were no special obatacles in the path of reaching this limiting
directivity. Literature of that time was full of the most optimistic
forecasts for laser applications in extremely long communications lines
(including space) for transmitting energy over great distances, etc.
All these forecasts were based, as a rule, on simple manipulations of
the well-known formula for the diffraction limit of beam divergence

9,= 1.2 A/p where 7 1is radiation wavelength and D ig diameter of
the coherent light beam. Actually, the value of @, for the first
ruby lasers ( ) = 0.694 microns) was 4 x 107~ radiamns or eight angular
seconds for easily attainable crystal diameters! However, the first
observations of gscillations of such lasers, with six to ten mm diameters
of active bodies, indicated that their angular beam divergence was
considerably greater than expected (usually one or two orders of
magnitude).
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It was far from simple to find the reasons for such laser behavior

and to influence it in the necessary direction. This required
innumerable experiments and the development of a theory of actual
resonators with an active medium, which rests greatly on the theory
created in 1961-1966 of ideal cawity resonators, etc. All this formed
an entire direction of quantum electronics consolidating the most
varied methods of influencing the spatial characteristics of laser
radiation. Many of these methods are of cognitive interest; however,
as far as the practical importance of the work directed toward reducing
the angular beam divergence, it is truly difficult to overestimate

{t. Therefore, it is not surprising that a huge number of publications
is devoted to the diverpence problem. However, as yet, not one serious
attempt has been made to present the basic concepts about the given
prublem as a whole. In all the books on the theory of lasers, as well
as laser equipment, results, at best, are cited on the theory of ideal
resonators with an optically umiform active medium (or vacant). Nor
has tipogap Bden filledeby thenfiewsurveys . in vwhich individual
particular problems are considered. Whether this book will be found

to be useful and to what extent, only its readers will be the best
judges and the author will accept all their comments with gratitude

and attention.

From the theory of ideal vacant resonators, we will present only the
most general information necessary to understand the following material.
After that, the problem of beam divergence in resonators with small
diffraction losses, primarily, in the most widely used resonator with
plane mirrors will be considered. The presentation of this question
also cannot claim special completeness: a laser with a plane resonator
18, in essence, a most complex oscillating system with a huge number
of resonance frequencies, subjected to the strong influence of the
smallest perturbatious. Therefore, the problem of beam divergence of
a laser with plane resonators is closely associated with a more complex
and general problem of their kinetics which is truly inexhaustible.
This book presents only that information which is sufficlent to clarify
the general situation and is needed in reading special literature.

Then follow lasers with so-called unatable resonators. Their creation
is a result of the direction of research whose representatives strove
not so much to describe exhaustively a system with a huge number of
degrees of freedom, as to limit this number, Although not everyone has
yet become accustomed to lasers with unstable resonators, they are,
essentially, much ‘simpler than the traditional laser with a plane resonmator,
Here we do not have to deal with such an excess of modes with similar
Q-factors or with sensitivity to the smallest perturbations. Therefore,
at present, the theory of lasers with unstable resonators has progressed
farther than the theory of oscillators of different types that appeared
long ago, Its results will be presented in fairly great detail and
attention is concentrated on the most important experimental work,
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Tn conclusion, the problem of optical nonuniformity of active media
will be considered briefly and several attempts to solve this problem
will be described.

The author is deeply grateful to N. A, Sventsitskaya, V. Ye. Sherstobitov,
0. A. Shorokhov, N. I. Grishmanova, V. P. Kalinin, L. V. Koval'chuk

and his other coworkers for thier participation in work whose results
make up a considerable part of this monograph, and help in preparing

the manuscript for publishcation. The discussion of individual problems
with V. V. Lyubimov, M. S. Soskin were useful, The author is also
grateful to P. V. Zarubin and Ye. M. Sukharev whose advice contributed

to many editorial correctioms.

The constant attention to his work and active support of the idea for
writing this monograph by Rem viktorovich Khokhlov to whose memory it
is dedicated was very important to the author.

Leningrad, August 1977. Yu. Anan'yev
- Introduction

Development of concepts about the optical resonator as a device for
forming narrow-directional beams.

The first papers on the possibility of creating resonators in the
optical range intended for oscillation of coherent beams were published
by Prokhorov [ 1] , as well as“Shawlow and Townes ['12 Jin 1958. These
papers predetermined to a great extent the direction of the investiga-
tions that led to the appearance of lasers,

As is well known, the action of lasers is based on the ability of some
media to amplify light beams passing through them under certain

- conditions. Therefore, without doubt, the role of the properties of
the active medium itself and the method of its excitation is great.
However, the properties of the resonant system in which this medium is
placed also have a great effect on many characteristics of the oscillated
beam. The angular divergence of the beam should be considered a

. primary characteristic. Here the resonator plays a truly decisive role -~
without it the active medium by itself is, as a rule, capable with
equal success of amplifying the beam passing through it in any direction
that it is propagated.

Optical oscillators appeared considerably later than radio frequency
and microwave ones. Therefore, in their description, concepts and

terminology used widely are teaken from the indicated related areas.
We will also use this terminology.
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To convert an amplifier into an oscillator, it is necessary, as they say
in radio engineering, to connect the amplifier output to its input

and areats a feedback circuit (Fig. V.la), The meaning of the feedback
circuit is that part of the amplified radiation is fed back to the
system, amplified again, etc., maintaining thereby continuous oscilla-
tions, 1In optical range oscillators, the light beam and not the
electrical signal is amplified. 1In accordance with this, new demands
are imposed on feedback circuits here -- the initial direction of beam
propagation and its structure must be preserved after its passage. The
simplest analog of the system shown in Fig. V.la, that satisfies this
requirement is an optical resonator shown in Fig. V.1lb. Actually, such
resonators, called ring resonators, found some application. However,
the first resonator in optics was the usual Fabry-Perot interferometer
consisting of two plane mirrors (Fig. V.lc). One of these mirrors
allows partial passage and the exit of the beam being oscillated is
implemented through it. The basic difference between this and the ring
resonator is that the feedback circuit passes through the same active
medium and the beam is amplified again.

TTonsasys
a) (1 )Jt':{/mmm cuevan

(2)

v
(38) 4o 20PamNOL Casn:

Anmusias
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y
) ; Anmenc

: peda ——
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Fig. V.1l. Oscillator circuits: a) oscillator in radio engineering;
b) oscillator in optics; c¢) oscillator with plane resonator.

1. Amplifier 3. Feedback circuit
2. Useful signal 4. Active medium
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The Fabry-Perot interferometer was such a successful resonator system
that until this time it is probably the most widely used type of laser
rescmator. Its "popularity' is due not only to extreme simplicity,

but also to the possibility of obtaining high power characteristics of
the output beam (we wiil dwell on the reasons for this in Section 1.4).
However, the divergence of the beam generated in the resonator made
with flat mirrors is not too good. The origination of comparatively
high divergence isoalarified to a great extent, by a theoretical
analysis of planc resonator properties which may be made by methods
daveloped previously as applied to resonators of the microwave range |
[3 ]. It shows, first, that in passing the feedback circuit in a plane

resonator, there is a reproduction not of any beam directed along the

axis and neanmly parallel to it, but a beam with strictly determined :
distribution of amplitude and phase of the wavefront. This beam is i
called the basic type of oscillation (mode) of the resonator. It is
more remarkable, however, that there also exist beams (modes) reproduced
with somewhat greater attenuation whose radiation is propagated at not
very large, but still noticeable angles to the axis of the resonator. i
These beams form a discrate set with a slope to the axis of adjacent
modes according to claseification, differir by about half of the
diffraction angle.

Thus, a plane resonator in a certain sense (and, of course, within
certain limits) is indifferent to the direction of the radiation
propagated along it. The reasons for such "indifference" is rooted

in the fact that when passing along the feedback circuit, the inclined
beams, as well as the axial one, preserve the initial directions of
propagation; their "overshooting" to the side is prevented by the fringe
diffraction, about whose mechanism we will dwell in Section 2.2,

Types of oscillations with varlious slope angles to the axis have some-
what different excitation thresholds due to various attenuation; however,
because of the nonlinearity of the medium, they may be present in the
oscillation simultaneously (Chapter 2), which must lead to a large angular
divergence of the beam, For this reason, plane resonators with large
apertures cannot provide a small beam divergence even with a highly
uniform medium,

Thie is the situation in the ideallzed case of an optically uniform medium,
A still greater shortcoming of a plane resonator, from tke standpoint of
radiation directivity, is the extremely sharp dependence of the field dis-
tribution in it on small distortions of the shape (deformations) of the
resonator, This can be clarified on the simplest example of a misaligned
regonator, The mirrors being out of parallel is equivalent to an optical
wedge being inserted in the feedback circuit, that changes the beam direc~
tion by angle § , double the misalignment angle, If we send a parallel
beam into such a resonator, then after the first passage, it will be turned
by angle §, after the second ~- by angle 28 , etc, Its shift in
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the transverse direction will increase still faster and a considerable
part of the beam will begin to come out of the system bypassing the
mirrors. After some number of passages (at small 5 , it may be
fairly large) the shape of the beam is so distorted that it becomes
imposaible to consider the process of its further propagation without
taking into account the diffraction effects. Therefore, a steady state
field distribution is obviously not so simple; it is, essentially,

the result of an equilibrium between diffraction processes and beam
turning. We will stress that this equilibrium is established after a
process of accumulation of aberrations occurs for a number of passages.
1t is also noteworthy that, as shown by analysis (Section 2.5), the
number of passages in which the aberrations are accumulated increases
rapidly with the increase in the dimensions of the transverse cross
gsection of the resonator. Therefore, plane resonators with large
mirrovs are especially sensitive to the smallest aberrations.

A similar, but still more complicated situation occurs in the case of
irregular resonator deformations. 1In general, the sources of such
deformations are extremely varied: these include errors in manufactur-
ing (and adjusting) mirrors, the initial optical nonuniformity of the
active medium and nonuniformity induced in the process of pumping due
to the nonuniform excitation and heating of the medium; dispersion of
light by microinclusions; mechanical vibration of the active component
and turbulence of the gas flow. This list could be continued. It is
not surprising that the majority of papers published in 1965-1969 are
devoted to the problem of a nonideal plane resonator. The results of
the papers devoted to the most general patterns of the behavior of
oscillators with nonideal resonators will be presented in Section 2.5.
Carrytng’ - out all of these investigations could not, of course,
eliminate the principal defects of a plane resonator, but was found to

_ be very useful for the understanding of processes occurring in an

: actual resonator.

No less numerous were the attempts made at the same time to find some
new solution to the problem of laser beam divergence. Two directions
of searching may be noted.

In one of them an attempt was made, without discarding the plane resona-
tor, to place in its feedback cifcuits so-called angular selectors -~-
filters that pass the beam only in a narrow range of angles. Such
filters may be r le by various methods: on the basis of full internal
reflection, by means of additional Fabry-Perot etalons, by a combination
of lenses and diaphragms. All these approasches were-tested, however,
later,due to their great complexity, and the number of difficulties
in principle, on which we will dwell in Section 2.6, only few found
particular applications.
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In the other direction, attempts were made to solve the aivergence
problem (or at least that of single-mode lasing), not by complicating
the resonator arrangement, but by changing the shape of its mirrors.

In particular, lasers with so-called stable resonators, one or both

of whose mirross were slightly curved (which is equivalent to placing

a weak positive lens in the feedback circuit) were thoroughly investigated.
Obviously, in such a system, the steady state beam with an approximately
uniformly distributed amplitude and nearly plane fromt must have such

a small cross section that the focusing influence of the mirrors would
be compensated by diffraction, From this follows the principal short-
coming of stable resonators =-- they can provide single-mode lasing only
with very small volumes of the active medium, Indeed 1t is in lasers
with a low-volume active medium that stable resonators have been used

up until now. The usual helium-neon lasers may serve as an example of
this. If the medium is large inm volume, broad beams with a complex
structure originate in stable resonators corresponding to an angular
divergence greater than for the same conditions in plane resonators
(Sections 2,3, 2.4). :

Several other kinds of resonators with small diffraction losses
- (Section 2,6) have been investigated but as before, no success has
been achieved.

With this situation, it was the common opinion that the problem of beam
directivity cannot be solved by improving the resonator and that the
single possible way is to design multistage systems consisting of a
master oscillator and amplifiers (since in the amplifiers there is the
effect of multiple accumulation of aberrations as in a plane resonator).
The way out of the situation was indicated by Sigman's psper[ 4] . In
this paper Sigman considered a simplified "unstable’ resonator (according
to the adopted classification in Section 1.2), formed by two convex mirrors.
The consideration indicated that in such a resonator, as in an ideal
plane one, there exists a solution in geometrical approximatiom, except
that not parallel but diverging beams are propagated along the resonator
in both directions, while a part of the radiation bypasses the mirrors
(Section 3.1). At first, Sigman's article evoked

no special response -- several investigators already dealt with unstable
resonators, obtaining undesirable instead of encouraging results (see
start of Section 3.1). Sigman himself soon switched his attenmtion

to the peculiarity of the fringe effects in unstable resonators and
studied this problem for several years, a curious one but, as will be
seen later, not at all a decisive one. From the viewpoint of beam
directivity, the most interesting special features of unstable resonators
were discovered only when analyzing the aberrations effect on the steady
state field distribution. It is precisely, as a result of such an
analyais, that it became clear that the resonator considered by Sigman
was only the first of & broad class of resonators whose feedback was
formed according to a completely new algorithm, having a number of
advantages in principle.
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(1)

)
L S

E 0 Fig. V.2. Oscillator circuit with an unstable resonator.
1, Amplifier

The essence of the new algorithm is clarified in Fig. V.2, While in

a plane resonator, a part of radiation of the entire cross section of
the output beam (see Fig. V.lb) was introduced into the feedback circuit,
in the unstable resonatpr, as a rule, the entire radiation is intro-
duced, bu;vnecessatily only from part of the cross section. For
the reproductiblity of the process, the ferdback circuit must obviously
be formed so that the beam is brsadenad in it. 1In Fig. V.2, the
beam wavefront is plane and the widening is implemented by a telescopic
system, but entirely different versions are possible. In particular,
the cross section dimensions of the parallel beam are changed when

it is reflected from the diffraction grid and when it passes obliquely
through the boundaries of the interface of media with different
indices of refraction. Thus, lenses and spherical mirrors are not at
all compulsory accessories of an unstable resonator,

We will now examine what advantages are promised by such a seemingly
insignificant change of the algorithm. We will start with the effect of
intragavily . 2+ sources of aberrations., Let, as in the case of a
plane resonator, an optical wedge be inserted within the system,

leading to the turning of the beam, and let this turning correspond to

a value of wave aberrations 4 (Fig. V.3a). A part of the beam falls
i{nto the feedback c¢ircuit. In the case shown in the Figure, its cross
section dimension is equal to half the size of the entire beam.

The value of wave aberrations in this part of the cross section is,
naturally, equal to 1/2 4 , When the beam cross section is stretched
out by the above enumerated methods, the value of the wave aberrations,
as is well known, is pressrved, Thus the beam that goes to the input of
the system has a wave aberration of 1/2 A, rather than
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as in the case of a plane respnator, With passage through

the system, A 1is added again (Fig. V.3b) and at the end of the
second cycle, the value of the wave aberrations becomes equal to 3/2A .
By the end of the third cycle, it becomes 3/4 A and at the end --

7/4 A (Fig. V.3¢), etc. It 1s obvious that this value converges

in the limit to 2A . Thus, wave aberrations in a steady state mode are
only double the aberrations on one passage. The shift of the beam in
the transverse direction does not play a special role here -- it only
leads to a small redistribution of the parts of the beam that pass along
the different sides of the output mirror, but the feedback circuit remains
fully filled.

4 14 .:/f.il.
il l T ] :
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| —
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Fig. V.3. Accumulation of wave aberrations in an unstable resonator when
an optical wedge is inserted.
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; In the case of arbitrarily distributed aberration sources, the quantitative
- characteristice change, of course, but the qualitative characteristics
’ remain as before -- the accumulation of wave aberrations occurs over the
length of the counted number of passages (see Section 3.2). As the
share of the beam cross section directed into the feedback circuit
decresses, this number converges to one -=- a value characteristic of
single stage amplifiers.

From the exspmple shown in Fig. V.3, it is also possible to conclude that
in an unstsble resonator there exists only one shape of the wavefromt,
which is preserved after the beam passes through the feedback circuit.
Actually, the direction of the light beam sent into the resonator
rapidly approaches a single equilibrium direction (which in the case

of Fig. V.3 corresponds to steady state wave aberrations 24 ). Thus,
an ungstable resonator, unlike a plane one, is rigidly selective with
respect to beam direction. It seems that here the effects of multimode
e oscillation should not influence the value of angular divergence.

These encouraging considerations of the unstable resonator properties,
obtained by means of the simplest geometrical approximation, are confirmed
also by a more thorough consideration in diffraction approximation
(Saction 3,3). Moreover, a detailed acquantance with the properties

of unstable resonators makes it possible to formulate the following
affirmation; 1f, in the operation of a laser in which a large volume of
a comparatively uniform active medium is used, there is a strong effect
of diffraction -- it means that miscalculations were permitted in its
creation, This affirmation seems paradoxical at first glance: in all
previously used resonators, the beam structure was determined in the
final result by diffraction. However, this affirmation has a solid
logical basis. 1In fact, the final goal is to build a laser with the
smallest possible divergence of the beam. This goal is entirely
attainable with a uniform medium. Beams whose wavefront is plane or
spherical have a very small divergence. It is well known that the pro-
pagation of such beams for small dis*ances is described excellently by a
geometrical approximation without introducing the diffraction concept.

So much for ideology; we will now proceed to practice.

No one utilized the arrangement considered in Sigman's first paper
which consisted of two convex mirrors which, due to its symmetry,
remained a faverite object of investigations by theoreticians. On the
other hand, many specialized arrangements came into practice that made

it possible to solve a number of laser technique problems by considerably
simpler means than before.

Among these problems, first to be mentioned, of course, should be the

problem of building simple laser radiators highly efficient and with
small angular divergence. In most practically important cases, the so-
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called telescopic resonator (Section 4.1) is suitable for solving this
problem. It represents an wsymmetrical confocal system of concave and
convex mirrors. The beam progress in it differs from the beam progress
in Fig. V.2 only by the spatial coincidence of two oppositely directed
beams, i.e., by the same way that arrangement in Fig. V.lc differs

from the ring arrangement of Fig. V.1b. Of interest also is the ring
version of the telescopic resonator -- in it are easily implemented such
conditions as that the radiation flux, propagating along the ring to
one side, without utilizing nonrecinrocal devices, must exceed by many
times the flux, following in the reverse direction (Section 3.5).

A number of new possibilities are related to the idea of using that
special role which is played by the area near the axis in an unstable
resonator., This idea is as follows. If we trace the course of the
beams in an unstable resonator for several cycles, we will convince
ourselves that the radiation "spreads" over the entire cross section from
a small section, which adjoins the line of the resonator axis. By intro-
ducing into this section radiation with given time and spectral charac-
teristics, it is possible, obviously, to control the radiation of the
entire laser efficiently. When the "priming" radiation is taken
from an external source and introduced through a hole to the mirror on
the resonator axis, our device becomes simply a multipass amplifier
with a very high amplification coefficient (Section 4.3). As the
radiation in it is amplified, the cross section of the beam widens which
eases the obtaining of the maximum possible power characteristics. The

- control of radiation properties based on this principle may also be
implemented by creating unique lasers that have that valuable
quality of having cross sections of control components (gates, spectral
selectors) many times smaller than the cross sections of the output
apertures,

Several particular problems may be sclved successfully by varying the i
feedback algorithm slightly. As an example, we will take a problem on ;
stabilizing the direction of the beam. It originates in a very great 1
number of cases when there is an optical wedge inside the resonator,
whose value changes during the pulse generation time (for example, due
to mechanical vibrations of the active component). To weaken the effect
of the wedge considerably, it is sufficient to design the feedback cir-
cuit so that besides widening the cross section, the beam would also be
turned. If this change 1s introduced in the version illustrated in
Fig. V.3, then by the start of the second cycle, the value of the wave
aberrations will become equal to -0.54 and at its end -~ (-0.5) A +

A = 0,54 ; at the start of the third cycle -- (-0,25)4 and at its
end -~ (+0.75)4 , etc. 1In the final result @:front is established at
the system output with aberrations 0.674 , i.e., one-third of the case
in Fig. V.J. We will note that Fig. V.3 and the example now considered
belong essentially to various types of telescopic ring resonators. In
the case of systems that are not ring systems, when the beam, following
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! along the feedback circuit, passes through the same wedge, it is
‘ pesmible to build a circuit with still greater stability of direction
of the output beam (Section 3.5).

Finally, we must mention the problems that originate with the appearance
of a number cf new laser types., For example, in the so-called rapid
flow-through lasersy.. the active medium passes through the resonator
in the transverse direction and frequently is excited not inside it,
but beforehand. This leads to entirely different, compared to previously
existing lasers, pattexrns of the radiation field distribution. 1In
particular, vhan using plane mirrors, lasing may:-be localized in
; # marrow zone near that edge of the resonator where the active medium
i enters. There, the radiation density of lasing . naturally
; proves to be excessively high. An entirely similar situation also occurs
i in lasers with forced Ramaw.scattering- with transverse pumping.
: ' Such difficulties are easily overcome by using unstable resonators: a
- peculiar self-balancing mode originates and the radiation flux distributes
over the cross section of the resonator more or less uniformly
i (Section 4.2),

All these possibilities were very rapidly implemented in actual devices
(see Chapter 4), Thus, after only a few years after the publication

of the first paper on the experimental observation of angular selection
in an unstable resonator ES] , it became entirely clear that precisely
this resonator was the optimal for the most varied kinds of lasers

o with narrow beams.

All that was touched upon above and other aspects of the divergence
i problem will be strictly and sequentially considered further. Before
- proceeding with that, we will note one curious special feature in the
: history of the given question. We just spoke about to what degree the
presence of considerable optical nonuniformities of the medium makes
the solution of the divergence problem more difficult. As shown by
results of numerous investigations at the beginning of thé sixties
(Section 2,3), difficulties also increased rapidly with the increase in
- the diameters of the generated beams: the diffraction limit of divergence
is difficult to achieve only in the case where the diameter of the active
component 1s great, while the limit itself is correspondingly small. If,
however, the beam diameter is reduced (for example, by using a diaphragm

in the resonator) to a value 0f the order of 1 mm and smaller, the beam
divergence, as a rule, will-be the diffraction divergence without taking

any special measures,

; The first gas lasers, whose typical representative is the best known
helium-neon laser,  operated on an active mixture enclosed in a very
narrow discharge tube and generated a small diameter light beam. The
mixture itself was very rarefied and negligible power (by the yardstick

- of modern laser technique) was spent for its excitation. Therefore, the
active medium was practically ideally uniform. Due to this combination
of circumstances, gas laser developers did not seriously encounter the
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divergence problem for many years, To a superficial observer, it would
seem that this problem in general was a specific problem of solid-state
lasers and originated mainly due to the imperfection of solid active
media, However, in later years, the rapid development of gas laser
physics led to the creation of such new types of lasers as chemical,

g s-dynamic, etc,, whose radiation power exceeds by several orders of
wagnitude the power of the "customary" helium-neon lasers. The increased
radlation power is achieved by increasing the working medium pressure,
the dimensions of the volume it occuples and the unit power expenditures
for excitation, The problem of considerable optical nonuniformities

of the medium become prominent, Thus the problem of beam divergence
became a problem not only of solid-state lasers but without exception,

of all lasers with high radiation power, Developers of powerful gas
lasers now encounter about the same difficulties as the creators of the
solid-state lasers met and they use about the same measures to overcome
them, Therefore, papers in the area of gas lasers added little infor-
mation on the angular selection methods, The majority of the investigations
whose results played a considerable role in solving the divergence prob-
lem and will be used in this book applies to solid-state lasers.

COPYRIGHT: "NAUKA" GLAVNAYA REDAKTSIYA FIZIKO-MATEMATICHESKOY LITERATURY,
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MAGNETOHYDRODYNAMICS

UDC 533.9.07

MAGNETIC PLASMA COMPRESSOR WITH EXPLOSIVELY-DRIVEN MAGNETIC-FIELD COM-
PRESSION GENERATOR

Leningrad, ZHURNAL TEKHNICHESKOY FIZIKI in Russian Vol 50, No 7, 1980
pp 1521-1524 manuscript received 3 Apr 79

[Article by V. V. Viadimirov, I. I. Divnov, I. I. Zotov, A. S. Kamrukov,
N. P. Kozlov, P. A. Ovchinnikov, Yu. S. Protasov and B. D. Khristoforov,
Moscow Higher Technical Academy imeni N. E. Bauman}

[Text] 1. Powerful sources of electromagnetic energy are needed for
making large-scale electrophysical facilities of various categories
(dense non-ideal plasma generators, generators of high-intensity optical
radiation and high-current electron beams, and so on). Of interest in
this connection is the use of inductive energy accumulators based on
explosively-driven magnetic-field compression generators [EMCG] with
stored energy density several orders of magnitude greater than that of
capacitive accumulators [Ref., 1].

As a result of numerical modeling of processes of energy transfer from
the EMCC to a resistive-inductive load such as high-current discharge of
a magnetic plasma compressor [MPC], 1t has been demonsttrated that fairly
effective matching can be realized by electrical engineering methods
between the generator and the plasma load through a matching pulse trans-
former. The electrical energy input to the discharge is several times
greater than the initial (feed) energy of the EMCG.

This paper gives the results of an éxperimental investigation of the pos-
sibilities of using an EMCG as the power supply for high-current dis-
charges in a magnetic plasma compressor.

2. The experiments used an EMCG of planar configuration with nearly linear
change of inductance in the process of magnetic flux compression. The
design of the generator is analogous to that described in Ref. 2, 3.

The working principle of the EMCG is based on converting the energy of an
explosive to magnetic field emergy as a closed electrical current-carrying
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- circuit 1s rapidly deformed by the explosion. The initial magnetic flux
in the circuit, which is formed by external specially shaped copper bus-
bars and a single-turn solenoid, was set up by discharging a capacitor
bank with energy capacity of Wg~ 100 kJ charged to a voltage of Up =4 kV.
At the instant of maximum feed current Jop~ 250 kA (tp =240 us) the ex-
plosive was detonated at the end of a copper cassette placed between the
current-carrying busbars, initiating compression of the magnetic flux and
displecing it into the solenoid by the plates of the cassette spreading
apart under the action of the products of explosion. The energy was
transferred to the load (discharge in the MPC) through an iron-free
matching pulse transformer in which the primary winding was the solenoid,
and the secondary was a seven-turn single-layer coil of copper band. The
principal parameters of the EMCG: length 2.5 m, weight of explosive
charge 5.5 kg, initial and final inductances Ly =1.88 puH, L, =0.065 uH,
inductance of secondary winding Lp =3.21 uH, duration of working cycle
T, ~300 ps.

The load of the EMCG was localized discharge in the MPC developing in

a cylindrical quartz channel din 71 =100 x 400 mm at a residual gas pres-—
sure of p~10"° mm Hg. Dimensions of the MPC electrode system: anode
diameter 80 mm, cathode diameter 20 mm, plasma-forming material ~-
Teflon.

3. In the experiments (Fig. 1) oscillographic recordings were made of
currents and voltages in the capacitor bank-EMCG and the EMCG-MPC cir-
cuits, magnetic field intensity in the center of the EMCG solenoid,

-
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Fig. 1. Diagram of explosion experiment: 1--EMCG; 2--explosive strip;
j--electric detonator; 4--capacitor bank (Cj=1.3 10~2 F; 5--vacuum com-
mutating discharger; 6--MPC; 7--induction probe; 8--Rogowski loop; 9--
voltage divider; 10--SFR-2M camera (time loupe); 11--SFR-2M camera (re-
corder); 12--FR-10 slave photorecorder; 13--photocells; l4--calorimeter;
15--thermoelectric radiation receivers; 16--pyrosemsors; 17--SFR command
panel; 18--"1" mark; 19--oscilloscope trigger, "0" mark; [BH--high~
voltage pulse generator; HP3--controlled delay pulse relay
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stagnation pressure of the plasma jet of the MPC on an obstacle, and

the fluxes and energy of discharge radiation in the visible and the near
infrared and ultraviolet regions of the spectrum, and a photographic
record was made of the dynamics of discharge development in the MPC, and
of the space-time distribution of brightness temperature in the discharge
channel.

The circuit arrangements (Fig. 1) provided the necessary time matching
of working processes in the EMCG and MPC systems as well as their syn-
chronization with the reception and recording equipment.

The vacuum spark gap in the discharge circuit of the capacitor bank was

commutated simultaneously with blasting of the electric detonator of the

EMCG placed on an additional strip of explosive. The length of the strip

was chosen so that the detonation reached the end of the MPC cassette at

the instant of maximum discharge current of the capacitor bank. The in~
: stant of initlation of the discharge in the MPC relative to the beginning
i of operation of the EMCG could be varied by a controlled delay pulse
relay and was usually taken as At ~ 50 ps before the instant of maximum
current in the EMCG circuit.

IPORP NN N
) = '
PRON T N e Qe A

Fig. 2. Typical oscillograms of the explosive experiment. Period of the
calibration sine wave T =100 pus: a--voltage across the capacitor bank;
6--EMCG feed current; 8, 2--magnetic field intensity in the EMCG solenoid;
0~-MPC current; e--voltage across the electrodes of the MPC; x, 3, U--
discharge emission power in the near UV (Ahv=4.35-5.0 eV)--x, visible
(Ahv =2.3-3.16 eV)--3, and near IR (Ahv=1.36-1.95 eV)--u regions of the
spectrum; X--integral yield of emission in the bard of transparency of
quartz.
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4. Fig. 2 shows typical oscillograms of an explosive experiment 11lus-
= trating the main distinguishing features of the working process of the
EMCG-MPC energy complex., By the time that compression of the magnetic
pulse begins (tg =240 us), about 60% of the energy stored in the capaci-
tors (W; =60t 5 kJ) has been transmitted from the feed bank to the EMCC
circuit. Breakdown of the discharge gap of the MPC corresponds to the
sppearance of signals from the Rogowskl loop and from the photocells, as
well as to an abrupt drop in voltage across the MPC electrodes and a
break on the oscillogram of magnetic field intensity. The voltage
across the electrodes at the instant of breakdown (t*~ 510 us) was
Ufipc = 20 kV. The maximum current in the MPC Ipp, =700 kA was reached at
the instant of the maximum magnetic field in the solenoid of the EMCG
Hp = 64 kOe (tp =536 ps). The maximum current and total magnetic energy
generated by the EMCG as calculated from these values were Iy, = 7.4 MA
and Wgmcg ~ 500 kJ. The electric energy supplied to the MPC, Wypc =
90 + 10 kJ, and peak discharge power Pgy~ 4.3 GH.

Investigation of the dynamics of development of the MPC discharge by
methods of high-speed photography has shown that the main features of
formation of localized discharges established in Ref. 4 for capacitive
accumulators —- formation of the dense plasma focus beyond the outlet of
the MPC, screening of the central zome by a peripheral layer of erosion
products near the wall, the shock-wave structure of deceleration of the
MPC flux -~ are also retained when the MPC is fed by an EMCG.

The velocity of the plasma stream as determined from the an_le of in-
clination of characteristic luminescence inhomogeneities on slit scans
of the discharge was about 45-50 km/s, and the average velocity of the
shock wave front reflected from an obstacle was 4.5-5.0 km/s. The maxi-
mum pressure of the shock-compressed plasma close to the obstacle 1is
p~1.6 kbar, and p retains a value of the order of 1 kbar or more for

= a time At of the order of 100 us or more.

The total energy output of discharge radiation in the reglon of trans—
mission of quartz was about 20 kJ, approximately 50% of all radiated
energy falling to the near-UV region of the spectrum (A <400 nm), the
discharge emission power at the maximum being about 250 MW. The densi-
ties of radiation fluxes in the visible and near-UV regions of the spec-
trum averaged over the lateral surfaces corresponded to a blackbody tem-
perature T, =18,000-19,000 K. Maximum brightness temperatures of the
radiation were observed in the vicinity of MHD compression of the plasma
stream (the plasma focus) ~- Tpy~ (50-60)+103 K, and on “he reflected
wave front Tpp ~ 404103 K.

Let us note that the estimates of plasma parameters in the vicinity of
MHD compression and shock interaction of the stream that were made on the
basis of our results show that conditions of strong nonideality [Te~5 eV,
Ne of the order of 31029 cm~3 or more, numberI of particles in the Debye

- sphere Np~0.2, parameter of nonidealityy= ezNg(kT)‘l ~0.2-0.3] are
realized in the zone of the plasma focus for a time At of the order of
100 us or more. This means that the magnetic plasma compressor can be
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considered an effective nonideal plasma generator at the investigated
level of energy input to the discharge.

5, The realized efficiencies of energy transfer from the EMCG to the
plasma load of the given type are not the limiting values, and can be
considerably increased by optimizing and matching the parameters of the
generator, transmission line and load. One of the ways to increase the
efficiency of the system is to use polychannel discharges from several
(up to ten) series-connected MPC's. The results of the first experiments
done in this direction, in particular explosive experiments with two
series-connected MPC discharges, have shown an increase in the energy
released in the load by a factor of more than 1.5, the total light output
in the discharges in the transmission region of quartz being approximate-
ly doubled to about 40 kJ.

Thus we have proposed and experimentally realized an electrical engineer-
ing technique for matching an EMCG to a plasma load typified by the
discharge in a magnetic plasma compressor. The results of the experi-
ments have shown the feasibility of using an explosively-driven magnetic-
field compression generator as a fairly efficient energy source in ex-
periments with high-current radiating discharges.
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OPTICS AND SPECTROSCOPY

UDC 621.373.826:621.78
- INTERFERENCE PHENOMENA WHEN METALS ARE HEATED BY LASER IN AN OXIDATIVE ATMOSPHERE

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 7(97), Jul 80 pp 1548-1556
manuscript received 16 Jan 80

[Article by F. V. Bunkin, N. A. Kirichenko, V. I. Konov and B. S. Luk'yanchuk,
Physics Institute imeni P. N. Lebedev, Academy of Sciences USSR]

[Text] An investigation is made of the dynamics of laser heating
- of metal targets in air. It is shown that as wavelength decreases
(in particular from 10.6 um to 1.06 um or less) the nature of the
heating changes considerably. In the first place there is an
increase in the number of oscillations of absorptive power of
the target, and secondly the "high-frequency" oscillations are
modulated by "low-frequency" oscillations. It 1s shown that such
behavior of absorptivity is due to the formation of several oxide
layers on the target surface with different oxygem contents.
Based on the example of a copper target, a detailed analysis is
made of the behavior of various quantities that characterize
heating (thickness of oxide layers, temperature, rates of growth
of oxide layers and so on). The experiments agree well with theory.

1. Introduction

The rate of laser heating of metal targets in air may be appreciably increased by
the growth of oxide films on the surface of metals, as these films have considerable
molecular absorption. An examination was made in Ref. 1-5 of the dynamics of heat-
ing in air by the emission of a COj laser. It was shown that for a number of
metals (such as Cu, Fe) the absorptivity A of targets may increase from a few per-
cent to 50-90 percent, which is of practical interest for technological applica-
tions of CO, lasers.

At the same time, the effectiveness of thermochemical action of laser emission may
vary considerably with wavelength A, for example due to the frequency dependence of
the optical constants of oxides. Therefore it is of interest to study the dynamics
of heating of metal targets in air as a function of emission wavelength, and also
to determine the optimum wavelength where emergy expenditures on heating are
minimized. Another important question is whether thermochemical phenomena can be
sufficlently effectively utilized to increase A for those wavelengths for which the
absorptivity Ap of the metal itself is fairly high, as for example in the case of
argon lasers (A =0.515 um) or YAG lasers (A=1.06 um).
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As shown in Ref. 3, 4, the absorptivity of a target with increasing temperature
undergoes oscillations associated with interference phenomenz in the oxide layer.
These phenomena are specific to oxide films in which aA<<l (a is the coefficient of
absorption of radiation in the oxide). The dynamics of the behavior of interfer-
ence phenomena in laser heating of targets enables determination of the optical
constants of films [Ref. 6]. The period of interference oscillations corresponds
to an increase in the oxide layer by a thickness of 4x~A/2n (n is the index of re-
fraction of the oxide). Under typical heating conditions of, say, a copper target
by €O, laser emission () =10.6 um), the absorptivity undergoes 1-3 oscillations
[Ref. 3-5]. It is clear from this that with a transition to shorter-wave emission
(1f the index of refraction does not change too stromgly), the number of oscilla-
tions should increase in proportion to the frequency of the incident emission.

However, the change in the nature of heating of the target with decreasing wave-
length of radiation does not reduce to a simple increase in the number of oscil-
lations of absorptivity: the "high-frequency' oscillations are modulated by "low-
frequency” oscillations. The reason for this is that several layers of oxides with
different oxygen contents [Ref. 7] are formed on the surface of the metal. For
example when iron is oxidized, a three-layer oxide -- Fe,03/Fej0,/Fe0/Fe -- is
formed on its surface, and when copper is oxidized a two-layer oxide -- Cu0/Cuy0/Cu
—- 18 formed. If the thickness of the layer is comparable to A/2n, it may have a
considerable effect on A,

In this paper we have made a theoretical and experimental study of the dynamics of
heating of a copper target covered by a double oxide layer. Generalization of the
proposed theory to other metals (including those with a large number of oxide
layers) is not complicated, but in the case of a large number of layers it leads
to more cumbersome calculations.

2. Kinetics of Two-Layer Oxidation

To determine the thlckness of oxide layers on the surface of a copper target during
heating, we use the Valencl-Wagner theory [Ref. 7}. According to this theory,
The inner oxide layer of Cuy0 is formed as a result of the reactions
2Cu0==x Cu,0+40, 2Cu+0=Cu,0, (1)
while the outer layer of CuO is formed by the reactions
Cu,0+0=2Cu0. (2)
The total consumption of oxygen q per unit of surface (in gram-atoms per square
centimeter) during oxidation of the target is related to the thicknesses and spe-
cific volumes of the oxide layers CuO(x;, Vi) and Cup0(xp, Vp):
g=x3/Vi+x/V,= g, gy, (3
the expenditure of oxygen on reactions (1) and (2) being respectively
Ge=xo/Vo+2,/2V5,  q1=x,/2V,. ()

The oxidatlon process is divided into the following stages. For fairly thick oxide
layers oxygen initially diffuses through the layer of Cu0, and in this case all the
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oxygen is expended on reaction (2). The kinetics of this process is described
fairly accurately by the parabolic law

dg _ 1 4(D),
dt — Vi % ()

The next stage of the oxidation process consists in partial dissociation of the
oxide CuO on the Cu0/Cu,0 interface:

- 2CuO== Cu,0+0. (6)
The oxygen formed as a result of the reaction diffuses into the oxide Cuy0 and

interacts with the copper atoms in accordance with reaction (1). The kinetics of
this process 1s described by the formula

2V Xy ’ @)

The quantities d;(T) and d,(T) in (5) and (7) depend on temperature in the follow-
ing way: ’

dy(T)=dyo exp (=T/T), dy(T)=daoexp (—T/T). ®

Substituting (3), (4) in (5), (7), we get a system of differential equations of the
kinetics of two-layer oxidation '

B dt Xy Xy ' )
dry _dy( 1 di(T)
dt Xy T

where 1 =V,/Vp. Dividing one equation by the other in (9), we get a differential
equation for x; and xp. If oxidation takes place under isothermal conditionms,
this formula yields the well known Valenci formula [Ref. 7]

o L[ 4D T d (D ? dy (T) 10
T:‘T[TW“‘“I/(T ey —*) 8 ] o

Expression (10) takes consideration of the ekperimental fact that the ratio x/x;
is independent of thickness x; over a wide range [Ref. 71.

3, Heating of a Thermally Thin Film

To theoretically describe laser heating of a target with a two-layer oxide film on
the surface, it is necessary to simultaneously solve system of equations (9) for
oxidation kinetics, and the equation of thermal conductivity. In the simplest case

where the laser beam uniformly covers the surface of the target -- a thermally thin
plate -- the equation of thermal conductivity takes the form
70
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me ST = PA (xy, %3) = Pyor (T), (11)

‘where m, c are the mass and heat capacity of the target, and P is the power of
incident radiation. [The subscript nor stands for "loss" (noreps)]}. The absorp-
tivity A(x), x3) of the layered system CuO/Cu,0/Cu is described by the expression
[Ref. 8] .

P Alxy, x)=1— R(xy, x) 13, (12)

where

D

exp (—2iv,) + ry37a¢
2 — .
¥y, a=‘fn‘x1.a Ve V3k=ﬂ;,+mh (k=0,1,2),;

Fsw=(ris—ri)/(riaris— 1) rae={(riy—ri/(rysr1a—1);
ra=(=Ve)/(1+Ve): rp=(1—V&)/(l +Ve)

rie=—1+ Ao (1 — ixg/no)/2 + Ao/2n0; Ao = 4no/[(1+ no)? + x);

£y, €2 are the permittivities of the oxides, njy, kg are the optical constants of
the metal, Ap<<l [Ref. 9].

The power of thermal losses in (11) is equal to

- Por(T)=s(n(T—T ) +00,(T*—TH ], (13)

where s is the surface of the target, Ty is ambient temperature. The first term in
(13) describes convective thermal losses, and the second term describes radiation
heat losses.

; Now we give an approximate expression for A(x;, x;) that is valid if the conditions
ax<<l, oi<<l, n>1 are satisfied for each of the oxide films:

Ay + 2% K [51‘1 — (K~ sin? (B%,/2)) sin (B,x,)/K| + C, , (14)
p}+ D}

A(xy, %) =
where

K = 1= (1 — n3/nd) sin? {Bx,/2);

2 " . .
Cy = 2%, (—;’:—;—) [ﬁ,x, —_ (1 —2572 gins —E'Ef'—) sin B,x,];
2

Kalty

= Mg Baxy Baxg o By Baxs .
D, n.sm 5+ COs == + sin —5--cos 54

- Baxs Bixy ay o Paxy oo B ), _ 4nny,.
D‘—fll(COS ) COS_Q——_-E;-SH‘TSI“T)’ ﬁ1,2~—i—
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Absorptivity A(x;, x;) of a two-layer
system (for isothermal oxidation T=1100 K) as a
function of thickness xp of oxide Cuj0, as plotted
from formulas (10), (12) at n; =2.57, np=1.5,

k) =0.05, k,=0.0005, A=1.06 um, Ap=0.12,

x1/x2 =0,23

Fig. 2. Dependence A(t) for a copper
target in the case of heating by a
YAG laser (A=1.06 ym): optical con-
stants are the same as on Fig. 1;

d, =107% cm?/s; dp =4+10"2 cm?/s;

T, =9000 K; Tp=19,000 K; n=0.524;
m=80 m%; ¢=0.382 J/g-deg; n=
1.5+1073 W/cm?+deg; g9 =0.415; s=
0.25 cm, P=10 W

A4 Fig. 3. Time dependences of temperature

{”# and thickness of layers.of oxides when a

12001 |, copper target is heated by YAG laser
1000 emission (values of parameters are the
same as in Fig. 2)
800
[ ]
00
Yo
de/dt,W Fig. 4. Time dependences of rates of formation of
8 oxlde layers of CuO (a) and Cuy0 (b) when a copper
o0l =~ target is heated by YAG laser emission (parameters
['4 the same as in Fig. 2)
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Fig. 1 shows how the absorptivity A(x;, x,) behaves with a change in thickness of
one of the oxides under isothermal conditions (the thickness of the second oxide
being determined by the Valenci formula (10)).

We solved system of equations (9), (11)-(13) numerically on a computer for the case
of heating of a copper target by YAG laser emission. An example of calculation of
relation A(t) is shown in Fig. 2. It is clear that in the heating process a double
interference pattern arises in the change of absorptivity -- high-frequency oscil-
lations are modulated by low-frequency oscillations. The former are due to growth
of the oxide Cuy0, and the latter are caused by growth of CuO. The corresponding
dependences of T(t), x;(t) and x,(t) are shown in Fig. 3.

Besides the oscillations associated with interference phenomena, during the growth
of the oxide films a modulation is imposed on the dependence A(t) that is due to
the nommonotonic nature of change in x; and x;. These peculiarities in the varia-
tion of x; and x5 can be seen most clearly on the time dependences of rates of
oxidation dxl'z/dt (Fig. 4). The depth of the corresponding modulations of absorp-
tivity depends on the kinetic constants of the problem.

Analysis has shown that the overall pattern of change in absorptivity of a copper
target when heated in air by radiation with A =1.06 um is made up of interference
oscillations complicated by nonuniformity in the growth of oxide layers. On the
other hand, when the copper target is heated by CO, laser emission, calculation by
the model given above shows that at heating rates close to those shown in Fig. 3,
oxide CuO has practically no influence on heating dynamics since its maximum thick-
ness 1s Xpgax<<A/2n;.

: It can be readily understood that the number of interference oscillations of A(t)

! should increase (other parameters remaining unchanged) with decreasing A, and for
three-layer oxide films (for example with heating of iron), a triple interference
pattern may show up.

4. Relaxation of Perturbatlons In the Case of Two-Layer Oxidation

1t should be noted that in the laser heating process, when oxidation conditions are
not isothermal, formula (10), strictly speaking, is not valid. However, it can be
shown that the deviation from this law in cases of interest can be disregarded.

Actually, let relation (10) be violated at time t =0 at some temperature T, We
denote

X(B/x(O)=u(y=u,+8(8), §(1=0)=8, (|8, | uo)s (15)

where §(t) is the deviation of u(t) from uy =ug(T) assigned by the Valenci formula
(10).

Substituting (15) in (9), and linearizing the equations with respect to §, we get a
solution that describes relaxation of the initial perturbation:

Rds (T) ¢ dby
5()=8 R () _d4 ),
(*) oexP( hitg oj’vxg(l')) (16)
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where R= [(u¥—2)"4+8p3z|%,2=d(T)/dy(T). Hence the logarithmic decrement is
y=:Rds(T)/pucx3q (17)
where xp¢ 18 the initial thickness of oxide x,.

Thus the Valenci formula can be used even under nonisothermal conditions if the
characteristic times of temperature change At during heating satisfy the condition
At>>y~1, Estimates show that in typical cases of laser heating of a copper target
this condition is met in the temperature range of practical interest where the oxide
film that is formed has a noticeable effect on the optical properties of the target.’
For example Fig. 3 shows that at T~990 K, x,~0.1 um, which gives y~0.6 s~! from
aan.

Satisfactory fulfillment of the Valenci
formula is confirmed by the graphs of u(T)
and ug(T) given in Fig. 5 as calculated
on the basis of Fig. 3, and from formula
(10). 1It is of interest to note that the
oscillations that show up on the graphs

of x; and x, (Fig. 3) are practically
absent on the dependence of u(T).

0 " u
850 - 1000 ”j.o 0 TR Under isothermal conditions in accordat}ce
’ ’ with (9) the oxide layers grow paraboli-
Fig. 5. Curves for u(T) =x)/xy and cally, but with altered constants,

ug(T): graph for u(T) plotted from

data of Fig. 3, and graph for ug(T)  deff=d (I—(pu,—2)/z)<d x2=0de ! ft-x2 -
-- from formula (10) for the same : ;e” pe—2)/2)<d,, ! AR (18)
thermal diffusion constants §'1=dy(l—2z/pug) <d,, x3=2d5"t+x},,

1. e. there is a mutual slowing of the growth of the oxide films. Growth of the
overall thickness takes place with constant Deff which is determined from the

relation
‘/ [)° =‘/ d? +l/ d;". (19)

We can easily see that at small T, DEff-*dl and at large T, Deff>d,/2 (in (8),
T, >T;). We also note that when ug(T)>>1 (low temperatures),

X ~—L_ dl (T’

e B Ay (1) (20),
and when ug(T)<<l (high temperatures)

2 d(n

% R 4y (1) (21)
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Experimental Results

Three types of cw lasers were used in the experimental study of heating of targets
in air: an argon laser ("Spectra-Physics" model 271, P®4 W, A=0.515 m), a YAG
laser (P10 W, A=1.06 ym) and the LG-25 CO, laser (P®30 W, A=10.6 ym). The

problem of heating of a thermally thin plate was modeled. The absorptivity of the
target in air during laser heating was measured directly by a method described in

‘ Ref, 4, 5.
; 00'0 20 40 A% .7|0 ..'r'lﬂ 70 4,% 409 60 60 A%
i 7, T T T T T T -
pi V(7 . : 71t)
) " T(t) : —
wol-[AT) |
I .
e | AlT)
a4 4 4 B L 1 1 ) 1 L 8

4 L AN
0 4% 8.12 I%3N7te 20 25 30 3 te 10 15 20 % te

a b c

Fig. 6. Experimental curves for the change in temperature of a copper target with
time, and in absorptivity with temperature as it is heated by radiation from a

C0, laser (a; A=10.6 um, m=116 mg, s=0.4 em?, P=30 W, Ag=2%), a YAG laser

(b; A=1.,06 ym, m=80 mg, s=0.29 cm?, P=4,88 W, Ag=12%) and an argon laser

(c; A=0.515 ym, m=54 mg, s=0.21 cm?, P=2.4 W, Ag=45%) '

Fig. 6 shows graphs of T(t) for copper targets and the corresponding graphs of A(T)
for three wavelengths. They agree well with the theory proposed above. The double
interference pattern of the change in A(T) is clearly visible for the YAG laser.

Certain facts must be kept in mind when making a quantitative comparison of the
theoretical and experimental results. First of all, a certain "fuzziness' of the
experimental interference pattern 1s apparently due to nonuniformity of the growth
of the oxide Film over the area of the target, as well as to the fact that a multi-
modal YAG laser was used in the experiment. Secondly, the relation between the '
number of high-frequency interference oscillations within the first and second low-
frequency oscillations is determined by the kinetic constants of the problem, which
may differ appreciably under laser heating conditions from the corresponding values

- for isothermal oxidation. Finally, there may be a difference between the kinetic
laws themselves under isothermal conditions and in laser heating. For example the

- Cu0 oxide formed during laser heating is porous and is less strongly bound to the

- Cup0 oxide than for oxidation under isothermal conditions., This may mean that a
combination of paralinear and parabolic laws more adequately describes the kinetics
of oxidation than system of equations (9). The experimental data avallable up to

- now are not sufficient for making a final choice.

The experimental results (see Fig. 6) show that thermochemical phenomena can be
successfully used to increase the efficiency of laser action for argon and YAG
lasers as well as for €O, lasers. This can also be readily seen by comparing the
energy expended on heating in an inert atmosphere (i. e. for A=Ap=const) and in
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an oxidative atmosphere (such a comparison has been made for a CO, laser under con-
ditions that are optimum with respect to emission power in Ref. 10). For example
in the experiment with the YAG laser (see Fig. 6b), the time for heating the target
to the melting point in air is tg%37.5 s. This time is less than the minimum
possible time for heating the same target in an inert gas (1. e. in the absence of
heat losses) ty ®mcAT/PAg® 64 s, There is a more detailed analysis of energy ex-
penditures on heating of a target as emission wavelength changes in Ref. 11.

6. Conclusion

The study of the dynamics of heating of metal targets in an active gas medium pro-
vides certain information on the kinetics of heterogeneous reactlonms that take
place under the action of laser emission. The coherence of laser emission enables
observation of interference phenomena as absorptivity changes (hence providing
data on the rate of growth of oxide layers), while the high emission power, and
accordingly the high rate of heating of the target enables realization of struc-
tures that differ appreciably from those that arise under conditions of isothermal
oxidative reactions. For example by increasing the emission power we can satisfy
the condition At<<y~! (see (10) and after).

Mathematical processing of the results of the experiment using the theory given
above 1in principle enables determination of both the optical constants of the oxide
films and the kinetlc constants that figure in the oxidation laws. This is fairly
simple to do in the case of single-layer oxide films [Ref. 6]. However, in the
multilayered oxide films the analogous information can be obtained by determining
the optlical and kinetic constants that minimize the quadratic form

1
- ¢=§[Am:n (t)_Anov(t)]'dt' (22)

where Aggcr(t) and Apegp(t) are the theoretical and experimental A(t) respectively.
In doing this, it nus?oge kept in mind, as shown in this paper, that a multilayered
structure of the oxide film shows up in the dynamics of target heating only when
sufficlently short-wave radiation is used. This inevitably involves an increase in
"noimes" of the experiment, which are due for example to nonuniformity of the oxide
f1lm over the area of the target.

As has already been stated, the chemical reactions that occur on the surface of the
target are conducive to an increase in the rate of laser heating, which is of in-
terest for laser technology. We would like to point out one other possible prac-
tical application of laser initiation of thermochemical surface reactions. Chemi-
cal compounds of metals with oxygen, nitrogen, boron, chlorine and so on usually
have semiconductor properties. Depending on the degree of saturation of the
valence of the metal, there may be a change in conductivity type of the correspond-
ing compound. For example the oxide Cu0 is a semiconductor of n-type, while the
oxide Cu,0 is a semiconductor of p-type [Ref. 7]. As a result, the Cu0/Cuy0 inter-
face is a pn-junction. A "sandwich" of semiconductor layers with required proper-
ties can be produced by laser treatment of a metal target in an atmosphere of dif-
ferent gases when the gas pressure and the corresponding dose of laser emission are
appropriately selected. The metal faces of the "gandwich" can be produced by laser
reduction of the metal in a hydrogen atmosphere. Thus in principle we have a new
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technique for making microcircuits and some semiconductor devices. The most at-
tainable scales of thicknesses of homogeneous semiconductor layers that can be
produced by this method are 10-10% nm, and their area can be varied over quite a
wide range. It 1s noteworthy that in producing such compounds the laser acts both
as a source for rapid energy input into the material, and as a diagnostic tool that
enables observation of the change in absorptivity of the target during heating.
The authors thank M. I. Arzuov for assisting with the experinents.
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uDC 535.21

TIME FOR THE ORIGIN OF PLASMA WITH THE EFFECT OF LASER RADIATION OF VARIOUS
WAVELENGTHS ON AN ALUMINUM OBSTACLE IN THE AIR

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No-8, 1980 pp 1831-1834
manuscript received 12 Mar 80 .
[Article by A.P. Golub' and I.V. Nemchinov, USSR Aeademy of Sciences
Institute of Earth Physics imeni 0.Yu. Shmidt, Moscow] '

B [Text] A numerical solution is given to the problem of the origin of a
plasma in the air above an aluminum surface exposed to the pulse of a neo-
dymium or CO, laser. Agreement is noted between published experimental
data and the“results of calculations for a model of evaporation of the
obstac¢le taking into account the reduction of thermal conductivity in the
purface layer and the "burst" of sbsorption in vapors. For a radiation
pulse of rectangular form, on the assumption of the existence. of heat~
insulated layers one micron thick, dependences are arrived at for the time
for the start of evaporation and the time for the origin of the burst on
the radiation flux density in the range of 0.5 to 100 MW/cm?. From the
calculations it follows that the difference in plasma formation thresholds
with a variation in radiation wavelength irom 1.06 to 10.6 microns is rela-
tively small.

The effect of laser radiation on an obstacle results in the formation of
a plasma., This phenomenon is accompanied by a "surst" of absorption in
vapors of the obstacle's material [1, 2] or by low-threshold breakdown

[3, 4], In [5] a comparison was made between the burst theory and an ex-
periment on the effect on an obstacle of radiation pulses of a neodymium
laser with a pulse length of T V1l us . For certain materials, bismuth,
for example, is observed good agreement between the calculated and experi-
mental values and the shapes of the | -essure pulse transmitted to the ob-
stacle at the evaporation stage, as * :l as the time for the origin of the
plasma. For other materials such as aluminum there is also agreement in
terms of order of magnitude of the time for the burst, although there is
observed a somewhat faster, than in the calculatioms, growth in the bright-
ness temperature of the exposed surface of the specimen bcth at the stage
when the rise in pressure resulting from evaporation has not been regis-
tered and at the stage when the pressure already notiteably exceeds
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atmospheric. High brightness temperatures, testifying to the formation of
a plasma, are recorded even before the beginning of the drop in pressure
agsociated with the development of screening of the target by the absorbing
plasma layer. In [5] this was explained by the presence on the surface of
microdefects with disrupted heat tzansfer into the depth of the specimen
in keeping with the hypothasts in [6], confirmed by an investigation of the
surface under an electron microscope, as the result of which were detected
defects with a characteristic dimension on the order of 0.3 to 1 micronm,

as well as by investigation of the radiation of the plasma formed [7i3,
which demonstrated that the plasma is initiated in individual points of the
surface. In the experiments in [5] the time for the burst practically did
not depexd on what kind of gas (air, nitrogen or helium) surrournds the
target and what its density is (normal pressure or vacuum). This confirms
the hypotheais regarding formation of the plasma in vapors of the target's
material. Let us note thst the calculations in [5] were performed by uti-
lizing experimental coefficients of the reflection of the laser radiation
from targets.

In [8] a comparison was made between calculated times for the origin of the
burst and times for the formation of the plasma, measured with aluminum
exposed in air to the radiation pulses of a CO, laser with 1t ~ 0.1
(9] and 10 us [10}. By virtue of the lack of exper%mental data on the de-
pendence of the reflection coefficient, k_ , of radiation with A = 10.6 u
on the temperature, T, , of the exposed sirface, the theoretical dependence
in [11] was employed, according to which for aluminum k_ = 0.93 at room
temperature and drops to 0.85 at the melting point, T ¥ The presence of
heat-insutated layers with a thickness of & =1 and U.3u was assumed.

The best agreement with the experimental data was observed with 2 = 0.3
both for T ~ 0.1 us and for T ~ 10 us . With & =1 u the agreement

is not bad for T ~ 10 us and somevhat worse for T v 0.1 us .

Let us now make a comparison of calculations for a burst nodel gimilar to
those made in [5, 8] as applied to the conditions in [5, 9, 10] with the
utilization of the entire remaining group of experimental data published in
recent times on the time for the development of a plasma over an aluminum
target in air of normal density. The calculations were performed by using
the experimental forms of the laser pulse and the theoretical dependence of
kr(TO) in [11].

In [12] a study was made of the effect of the radiation pulse of a CO
laser with a total length of 5 us, A'J.eading edge of 0.73 us and a ha%f—-
width of 0.60 us with a spot area of 1.4 cm”. The target was polished
before each pulse. A study of the surface under an electron microscope
showed the presence of grooves about four microns deep and wide. A pulse
with a maximum radiation flux density of = 22 MW/cm2 proved to be the
threshold for formation of the plasma. Ing?ig 1 are shown dependences,
arrived at as the result of our calculations, of the maximum temperature
of electrons, T _ , on time, t , corresponding to % = 4 u . The shape of
the laser pulsee&'s also shown there. It is obvious that the -critical
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value of for the origin of the burst according to the calculations
also equals 22 MW/cm?,

Tem, 38 D 2)
! W In = 22MEmjon’
] \ ) )
I ’
[
|
- a5 "] \\
. | N 20
| < L
; /) e —
: JF~T e
- 0 1 2 J hy tunc
Figure 1.
Key:
1. eV 2 3. us
2. MW/cm

In [13] were studied "combustion” waves originating in irradiation of
aluminum foil 25.4 microns thick by a millisecond radiation pulse vith a
wavelength of 10.6 microns (the times for the formation of the plasma for
- these experiments are given in [14]). If it is assumed that the foil
possesses homogenecus physical properties, then the time for warming it up
throughout its entire thickness 1s approximately 20 us. Calculations with
a radiation flux density of q = 0.1 MW/cm? have demonstrated that as of
moment t = 400 us , when the formation of a plasma was recorded in the
B experimenis, T, < T This slight warmup cannot make possible the origin
- of a plasma. Eet usthow assume that on the surface of the foil there are
microdefects which can be modeled by heat-insulated layers with a thickness
- of % = 4y . Calculations for this case have demonstrated that as of
moment of time t_ = 320 s , after the beginning of the effect of the
laser pulse (the ¥ime for the increase in radiation flux density equals
200 yus), temperature T, = 0,23 eV , which corresponds to the pressure of
saturated vapors of aluginum, p = 1 bar . Steady evaporation is estab-
lished relatively quickly, taking place at p = 1.5 to 1.6 bar and T, =
= 0.24 eV . One hundred and thirty microseconds after the beginning 09
evaporation the slow growth in T is replaced by a rapid increase to
values higher than 1 eV. Thus, tB% time for the burst agrees not too
badly with the experimental data.

In [14] a comparison has already been made of the experimental results in
[13] with a calculation for & model close to the equilibrium theory of
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the absorption burst in [1]. Here for agreement of the calculated data
with the experimental it was assumed that the coefficient of absorption
of the radiation by the surface equals not seven percent, as is usually
arrived at in experiments (e.g., in [12]), but 15 percent. 1In [15] an
even stronger drop in kr vas assumed. In fig 2 the dots correspond to
the dependence of the density of the energy, Es , transmitted to the target
within the limits of the exposed spot on the maximum radiation intenaity,
q,T , or on the total energy, E , in the laser pulse arrived at in [12].
Also presented there are the results of our calculations for & = 4
(dotted 1ine) and for a target with homogeneous properties (solid-line
curve). As is obwvious, the calculated values of E_ are somewhat higher
than the experimental. This testifies to the fact Ehat the absorption
coefficient of real aluminum spe¢imens is obviously even lower than in [11].
From this it follows that the assumption regarding the reduction of the
mean thermal conductivity coefficient of the surface layer is more valid
than the assumption in [14, 15] regarding an increase in the average ab-
sorption coefficient for the area of the spot. Let us note that in these
calculations the increase in heat transfer to the target resulting from
radiation from the plasma formed after the "burst' was not taken into

- account. In the experiments in [12] this effect within the limits of the
effective spot was apparently not evidenced to a sufficient degree because
of the relatively small size of the spot and the heavy spreading of the

plasma.
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In £1g 3 are given calculated dependences of the time, t , for the start
of evaporation (dotted line) and of the time, t* , for the origin of the
burst on ¢ with A = 10.6 and 1.06 u for a rectangular shape of the
laser pulse with the assumption of the presence on the surface of th=
target of a heat-insulated layer:with & = 1 u (the dots represent the
experimental data in [16] for A = 1.06 y and T " 10 us ). Agreement
between the calculated and experimental data is again not too bad.

tyt*mic 1)
10 <

A\
A=106 MK N
2)
7
. »
N
. \
3)
g01
o1 1 0 100
g,Mbm[er?
Figure 3.
Key: 9
1. us 3, MW/cm
2. 1

From comparison of the data on the time for the burst for A =1 and 10 u
it follows that the thresholds for the origin of the plasma over a wide
range of variation of q differ only by a factor of 1.5 to 2. This is
associated with the fact that the reduction in k_ equaling 93 percent for
a CO, laser and 85 percent for a neodymium laser &t room temperature
resuits in a reduction in t_ , but the time from the beginning of evapora-
tion to the development of the plasma with A = 10 y dis much shorter than
with A =1 u , by virtue of the substantially higher absorption coeffi~
cients of slightly ionized vapors.

Since, as follows from the foregoing, the threshold for the origin of the
plasma depends on the state of the surface, in particular, on the method
of treating it, it 1s of interest to verify our theoretical predictions of
the rules for the change in the burst threshold with A and T in identi-
- cal specimens. This probably occurred in one group of
experiments [10, 16], whose data for A = 1.0€u and 10.6 1 with
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t ~ 10 ps agree with the calculated with identical thickness of the heat-
insulated layer (or, possibly, of a layer with reduced thermal conductiyity).
It is also desirahle to extend the range of materials for which plasma
formation thresholds have been determined, for the purpose of more extensive
verification of the adequacy of the burst model (taking into account the
reduction in heat transfer in the surface layer for several of these mater-
ials) by means of the actual condition for the development of evaporation
and for formation of the plasma under the effect of laser irradiation of
various wavelengths.
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OPTOELECTRONICS

UDC 621.378.325

- INFLUENCE THAT PUMPING FLUCTUATIONS HAVE ON THE SENSITIVITY OF AN INFRARED RECEIVER
WITH PARAMETRIC FREQUENCY CONVERSION

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 7, No 7(97), Jul 80 pp 1592-1594
manuscript received 8 Jan 80

[Article by N. A. Iskanderov, V. A. Kudryashov and I. N. Matveyev]

{A numerical estimate is made of the sensitivity of receivers in
the near and.intermediate IR ranges with parametric signal fre-

quency conversion on crystals in the case of fluctuating single-
mode pumping with gaussian amplitude fluctuations. It is shown

that an increase in pumping fluctuations up to 10% leads to de-

terioration of the thresnold sensitivity by a factor of approxi-
mately 2 as compared with non-fluctuating pumping.

In an experimental study of the gensitivity of a recelver with parametric frequency
conversion it has been established pumping fluctuations of the parametric frequency
converter influence the sensitivity of such a receiver [Ref. 1]. It would be of
interest fo find a numerical estimate of the sensitivity of a receiver with para-
metric frequency converter for the case of fluctuating single-mode pumping with
gaussian amplitude fluctuationms.

The probability distribution function of photoreadings P(n,T) at the input of the
photodetector in the case of semigaussian description of the registration process
can be obtained as a combination of laws of distribution of the number of signal
photons P(ng), background photons P(n¢), thermal P(np) and spontaneous P(nyy) noises
at the input of the parametric frequency converter, and also the conversion coef-
ficients of the converter for signal photons P(ny) and photons of spontaneous noise
P(n,) and the distribution of the number of photons equivalent to photodetector
noises P(ng):

- P(n, T)= SS?T” (e (nc + ng -+ ne) + g + Nenatml”} x-

x exp (— (ot (1c + g -+ e) + 13+ TgwTaiml) P (1) P (1) X @)
X P (ny) P (ny) P (ny) P (M) dnc dng dy dng dny dny,
where ny =v/T; nztsyz/zT: Y),2 are constants that characterize.the parameters of

the nonlinear element; I is pumping intemsity; T is measurement time; ng 1s the
quantum efficiency of the photocathode.
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In the case of non-fluctuating pumping, p (n)=6 (u—) P (nc.9.2.)=" (nc.¢,7.m— fc,0,7m) and
expression (1) coincides with the expression for the law of distribution of the
number of photons at the inptu of the photodetector given in Ref., 2.

If the pumping is single-mode radiation that is the sum of a monochromatic field of
fixed intensity I¢ and a random phase that is uniformly distributed in the interval
0,2n, plus a narrow-band gaussian noise field with zero average and inversion Iy,
then the moments of the distribution functions of the conversion coefficients of

- the parametric frequency converter by analogy with Ref. 3 can be represented as
follows:

for signal, background and thermal photons
<nll(n—m)I>=(nnc,p,7)™ mILm(—1/x), (2)

for photons of spontaneous noise of the converter

<all(n—m)l >=(nn)™ 2m)!Lsm(—1/x). (3)

Here Lp(-1/x) are the associlated Laguerre polynomials of order m; x=1Iyn/Ic;
Ny =next/nT: n=netal ¥T. At P (ne,gorm)=0 (nc.p.m,u—"c.o.7.m) With consideration of (2) and

(3) we get the following expression for sensitivity of a receiver with parametric
frequency converter in the given model of fluctuating pumping

hvb
Pamin = _1WF:—_0)_ (1 + Y TF 407(e07 — a)/oh), (4)

where amn'l’[u, (—l/x)—-Lf(——l/x)]; b--n;L, (—1/x) 1is the efficilency of the parametric frequen-
cy converter for the given pumping model; o’=(n:§+nf)a+(n¢+ )b+ nad 4L (—1x)—

ALY (— Ux)] +2agaly (—1/x)+ng; Ve is the signal-to-noise ratio at the photodetector
input; 1. is the duration of the signal pulse; v is the average signal frequency.
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Near-IR (a) and middle-IR (b) sensitivity of recelver as a function of the ratio of
variance of a narrow-band gaussian n-ise field to monochromatic field intensity at
values of y;(Ig+Iy) indica*ed on the curves.
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Specific calculations of the sensitivity of a receiver with parametric frequency
conversion by formula (4) as a function of the ratio of variance of a narrow-band
gaussian noise fleld Iy to monochromatic field intensity Ig for different values of
the average pumping Intensity I=Ic+Iy were done for the following parameters:
signal-to-noise ratio of 3; signal pulse duration of 30 ns; measurement time

T=30 ns; vy ﬂYf; values of ngyk, ng, nr, Ny, g taken from Ref. 4. The results of
the calculation for a receiver that has parametric frequency conversion of a sig-
nal from the near infrared (Ao =1.06 ym) on a crystal of LiIO3 and from the middle
Infrared (Ac=10.6 pm) on a crystal of AgjAsS3 are shown on the figure.

We can draw the following conclusions from the results.

1. An Increase in pumping fluctuations up to 10% causes a deterioration of thresh-
old sensitivity of a receiver with parametric frequency converter by a factor of 2
as compared with non-fiuctuating pumping.

2. Suppresslion of amplitude fluctuations of pumping of a parametric frequency con-
verter that is an element of the circuit for predetector processing of the optical
slgnal is necessary cnly in the case where it leads to a reduction of converter
power by no more than 6% per 1% of the fluctuations for the given range of con-
verter efficiencies.
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